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ABSTRACT 
Fossil-based sources of energy have conventionally driven the human civilization till date. 
However, in the wake of an unprecedented population explosion, these conventional sources 
of energy are falling short of meeting the increased global demand due to the finite nature of 
their reserves. Moreover, they have increasingly caused the environment to deteriorate due 
to the pollutants that are released into the atmosphere as a result of their utilization. This has 
caused researchers to look for alternative renewable sources of energy which would also be 
environmentally benign. Bio-crude is one such alternative which can potentially substitute 
the use of fossil-based fuels such as petroleum crude. Bio-crude can be produced via two 
main processes: fast pyrolysis and hydrothermal liquefaction (HTL). Due to certain inherent 
drawbacks of the pyrolysis process, the focus is currently on producing bio-crude from the 
HTL process. In the present study, three different solvents – ethyl acetate, tetrahydrofuran 
and petroleum ether – were used to extract bio-crude from a hydrothermal liquefaction 
product mixture obtained from canola meal and waste wheat flour. The bio-crude yields and 
the ease of extraction were compared for each of the solvents to evaluate the efficacy of the 
solvent-extraction process and to determine the most suitable solvent for the same. The 
extracted bio-crude and bio-residue fractions were characterized in detail so as to determine 
their physicochemical properties and identify the samples that would be ideal for further 
upgrading processes. The bio-crude thus produced has a high percentage of oxygen and thus, 
needs to be upgraded to make it comparable with diesel fuel for utilization in different 
applications. Therefore, the report further focusses on decreasing the amount of oxygen 
present in HTL bio-crude via catalytic hydrodeoxygenation (HDO). To serve the purpose, 
carbon-supported molybdenum carbide catalysts were synthesized via Carbothermal 
Hydrogen Reduction (CHR) method using three different carbon supports – commercial 
activated carbon, commercial multi-walled carbon nanotubes and bio-residue obtained 
during solvent-extraction. The catalysts were screened for their oxygen reduction efficiency 
using a blend of bio-crude in hydrotreated heavy gas oil and the efficiency of the best-
performing catalyst was compared with that of commercial hydrotreating catalysts. The 
synthesized catalysts were characterized in order to explain their oxygen reduction 
percentages and a parametric study was carried out for the best-performing catalyst to 
determine the effects of process parameters such as temperature, pressure, reaction time and 
catalyst loading on oxygen reduction efficiency. 
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1.1 Research Background 
Fossil fuels, such as petroleum crude, are non-renewable sources of energy and their reserves 
are fast depleting in the wake of increased global demand (Sorrell et al., 2010, Mortensen et 
al., 2011). Under the circumstances, biomass-derived fuels (bio-fuels), such as bio-crude, can 
prove to be promising substitutes for the conventional fossil-based fuels. Bio-fuels can be 
produced within a relatively short cycle and unlike fossil fuels, they maintain a closed carbon 
cycle, i.e., the net increase in CO2 levels in the atmosphere is almost negligible. Biomass, in 
the form of green plants, absorb carbon from the atmosphere in order to promote their growth 
and development, and upon combustion of derived bio-fuels, the absorbed carbon is 
eventually emitted back to the atmosphere (Mortensen et al., 2011, Xiu and Shahbazi, 2012). 
Moreover, as plant biomass contains negligible amounts of sulphur, combustion of bio-crude 
would not generate much SOx emissions. NOx emissions also go down by more than 50% 
when bio-crude is used in place of diesel oil in a gas turbine. Thus, bio-crude has less adverse 
effects on the environment as compared to petroleum crude oil (Xiu and Shahbazi, 2012). 
There are two main conversion technologies by which biomass can be converted into bio-
crude: biochemical and thermochemical conversion (Gollakota et al., 2018). Biochemical 
conversion technologies have certain disadvantages such as requirement of pre-processing 
stages, longer processing times, inferior space-time yields and energy-intensive downstream 
processing, which restrict their application (Gollakota et al., 2018, Singh et al., 2015). 
Thermochemical conversion technologies can be broadly classified into four categories: 
direct combustion, gasification, pyrolysis and hydrothermal liquefaction (Gollakota et al., 
2018, Dimitriadis and Bezergianni, 2017). Direct combustion is mostly used for generating 
heat energy to produce electricity. Gasification yields a gaseous product and it would require 
an auxiliary process to convert that into liquid hydrocarbons (Dimitriadis and Bezergianni, 
2017). Fast pyrolysis and hydrothermal liquefaction (HTL) are two comparable 
thermochemical conversion technologies that yield significant amounts of an energy-rich 






However, the bio-crude produced by either of the methods has some undesired properties such 
as high moisture content, high viscosity, high ash content, high oxygen content and high acidity 
or corrosiveness. These unwanted characteristics need to be eliminated before the bio-crude can 
be either utilized for co-processing in refineries alongside petroleum crude oil or used as a 
direct drop-in biofuel that can be applied to the existing transportation infrastructure (Xiu and 
Shahbazi, 2012, Jensen et al., 2016). Some of the current techniques used for upgrading bio-
crude include hydrotreating, hydrocracking, solvent addition/esterification, emulsification, 
etc. (Xiu and Shahbazi, 2012, Lian et al., 2017). Among these, the hydrotreating method is 
widely used at present in all refineries for upgrading petroleum crude. Co-processing 
(hydrotreating) of bio-crude alongside petroleum crude is the preferred modus operandi to 
ensure an efficient and economic phase-in of bio-crude utilization in the existing refinery 
infrastructure (Sauvanaud et al., 2018). Hence, the primary focus of this work will be on 
hydrotreating the HTL bio-crude after blending it with a refinery intermediate. 
The present study uses a post-HTL product mixture as the feedstock and attempts to extract 
bio-crude from it via solvent-extraction method using three different solvents: ethyl acetate 
(EA), tetrahydrofuran (THF) and petroleum ether (PE). The study further attempts to upgrade 
the extracted bio-crude (which is most suitable for bio-diesel applications) using synthesized 
and commercial catalysts and thereafter, determine the desirable reaction conditions for 
carrying out the upgrading process. The HTL product mixture used originated from a 
combination of canola meal (agricultural waste) and waste wheat flour (food waste). Canola is 
one of the most widely grown crops in Canada; in 2018, approximately 20,342,600 metric 
tonnes of canola was produced in Canada (Statistics Canada, 2019). Therefore, utilizing 
canola meal as a feedstock is a reasonably sustainable approach (Casséus, 2009). Also, large 
amounts of wheat flour are wasted during the production process and during transportation 
(Baloch, 1999, Khader et al., 2019). Presently, in Saskatchewan (a Western Canadian 
province), NULIFE Green Tech carries out hydrothermal liquefaction of a combination of 
the aforementioned feedstocks for commercial purposes. Therefore, in order to complement 
industrial activities, the current research aims at utilizing the HTL product mixture procured 






1.2 Knowledge Gaps 
Based on the literature review discussed in Chapter 2, the following knowledge gaps were 
identified: 
1) To the best of the author’s knowledge, no study has been carried out on extraction of bio-
crude from a hydrothermal liquefaction (HTL) product mixture obtained from a combination 
of canola meal and waste wheat flour feedstocks. Additionally, the characterization studies 
carried out for bio-crude and bio-residue fractions in previous reports are fairly limited and 
have seldom been attempted in a single study.  
2) Limited number of studies have been done on metal carbide catalysts for the 
hydrodeoxygenation process and even fewer studies have focussed on incorporating carbon- 
supported molybdenum carbide catalysts for the hydrodeoxygenation of bio-crude. A handful 
of studies have been carried out which separately investigate the hydrodeoxygenation of 
individual oxygenates present in bio-crude such as phenolic compounds, carboxylic acids and 
heterocyclic compounds like furfural, benzofuran, etc. However, the hydrodeoxygenation of 
HTL bio-crude as a whole is scarcely reported in literature. 
1.3 Hypotheses 
1) Extraction of bio-crude from a post-HTL product mixture and characterization of the 
resultant bio-crude and bio-residue fractions would help in evaluating the potential for further 
upgrading processes and subsequent applications as bio-diesel (for bio-crude) or carbon-based 
catalyst supports (for bio-residue). 
2) Carbon-supported molybdenum carbide catalysts would not be suffering from the inherent 
drawbacks of conventional metal sulphide catalysts and hence, would work better than 
commercial hydrotreating catalysts for the hydrodeoxygenation of HTL bio-crude. In 
addition, the superior textural properties of carbon support materials would be favourable 
towards enhancing the catalytic activity of molybdenum carbide catalysts. Compared to γ-
Al2O3 supports, carbon supports have higher tolerance towards moisture which results in 
lower deactivation rates for the catalyst. Moreover, carbon supports are much cheaper and 







1.4 Research Objectives 
1) Phase 1: To extract bio-crude from an HTL product mixture via solvent-extraction process 
using three different solvents – ethyl acetate (EA), tetrahydrofuran (THF) and petroleum ether 
(PE) – and to compare the bio-crude yields and the ease of extraction for each of the solvents 
in order to determine the most suitable solvent for carrying out the extraction process. 
Thereafter, the extracted bio-crude and bio-residue fractions would be characterized using 
different analytical techniques so as to determine their physicochemical properties and identify 
the samples that would be ideal for further upgrading processes. 
2) Phase 2: To synthesize carbon-supported metal carbide catalysts by using molybdenum as 
the active metal and three different types of carbon supports – commercial activated carbon 
(AC), commercial multi-walled carbon nanotubes (MWCNT) and bio-residue (BR) obtained 
during Phase 1 of research. The synthesized catalysts would be characterized and used for 
hydrodeoxygenation (HDO) of bio-crude blends. Based on preliminary screening tests for 
oxygen reduction efficiency, the best-performing catalyst would then be used for a 
comparative study with commercial hydrotreating catalysts such as CoMo/γ-Al2O3 (3 wt. % 
Co, 13 wt. % Mo) and NiMo/γ-Al2O3 (3 wt. % Ni, 13 wt. % Mo). Lastly, the best-performing 
catalyst would be used for carrying out hydrodeoxygenation reactions at different conditions 
in order to determine the effect of process parameters such as temperature (250-350 °C), 


















2. LITERATURE REVIEW 
2.1 Thermochemical Conversion Routes for Biomass 
2.1.1 Pyrolysis 
In a broad sense, all plants (flora) and other living organisms (fauna) which are directly or 
indirectly dependent on the photosynthetic ability of these plants to convert sunlight and CO2 
into chemical energy constitute biomass. Biomass resources include wood and wood- 
processing residues, short-rotation woody crops, food crops, energy crops, aquatic plants, 
algae, animal wastes and cooking wastes, among many others (Lian et al., 2017, Akhtar and 
Amin, 2011). Depending on the species of origin, vegetative biomass can have varying 
compositions of lignin, cellulose and hemicelluloses (Akhtar and Amin, 2011).  
Biomass pyrolysis is a very complex endothermic process which involves the thermal 
degradation of solid organic matter into mostly liquids and gases when heated in a non-reactive 
environment, i.e., in the absence of air/oxygen. The long-chain hydrocarbons present in 
biomass decompose into smaller compounds under pyrolysis conditions, and both the rate 
and extent of decomposition depend on the variations in pyrolysis temperature, rate of 
heating, pressure of the system, configuration of the reactor, nature of the feedstock, etc. 
Depending on the operating conditions, biomass pyrolysis has been classified into three 
categories: slow pyrolysis, fast pyrolysis and flash pyrolysis (Jahirul et al., 2012).  
Among all the three pyrolysis processes, fast pyrolysis technology is currently the most 
popular option due to its high bio-oil yield and fewer associated drawbacks. Fast pyrolysis of 
a biomass is carried out at atmospheric pressure and high temperatures in the range of 400-
600 °C for approximately 1 second. The bio-crude thus produced has a high oxygen content 
of 35-40 wt. % and a low energy content of 16-19 MJ/kg. The presence of oxygen in high 
quantities leads to inferior thermal stability of the bio-crude as well as increased costs of 
upgrading (Tzanetis et al., 2017).  
All the pyrolysis techniques require biomass feedstocks that have low (<40%) moisture 
contents and in order to achieve a positive energy balance, the feedstock needs to be dried via 






2011). Therefore, much of the recent research has shifted towards investigating the 
characteristics of hydrothermal liquefaction as an improvement over the pyrolysis processes. 
2.1.2 Hydrothermal Liquefaction (HTL) 
Also known as hydrous pyrolysis, hydrothermal liquefaction process is carried out at lower 
temperatures and lower heating rates than conventional pyrolysis methods. Hydrothermal 
liquefaction involves the use of wet biomass and hence, no excess energy is required for 
drying the feedstock (Filippis et al., 2016). Consequently, a wide variety of feedstocks having 
high moisture contents can be used for this process. Hydrothermal liquefaction involves the 
treatment of biomass in an aqueous environment at moderate temperatures in the range of 
280-380 °C and high pressures in the range of 7-25 MPa (sub- or super-critical state) for 10-
60 minutes (Tzanetis et al., 2017, Filippis et al., 2016). The bio-crude produced from this 
process has a lower oxygen content (5-10 wt. %) and a higher energy content (30-40 MJ/kg) 
than pyrolysis oil (Jin, 2014, Demirbas, 2011).  
Effects of Temperature 
Biomass depolymerization takes place when the temperature is sufficiently larger than the 
activation energies for bond breakage. Hydrolysis and re-polymerization are the two main 
competing reactions that take place during pyrolysis or hydrothermal liquefaction. During the 
initial stages of the process, hydrolysis and depolymerization of biomass is the dominant 
reaction while in the later stages, re-polymerization reactions dominate which lead to the 
formation of bio-char (Akhtar and Amin, 2011). 
Biomass liquefaction is endothermic at low temperatures but exothermic at high temperatures 
and hence, the process is thermodynamically unfavourable. At low temperatures, the bio-oil 
yield increases with increasing temperature and reaches a maximum value. Thereafter, any 
further increase in temperature leads to an increasingly reduced bio-oil yield due to inhibition 
of biomass liquefaction (Akhtar and Amin, 2011). 
At high temperatures, the concentration of free radicals increases which results in a higher 
probability of re-polymerization reactions to take place and form bio-char (Akhtar and Amin, 
2011). In addition, secondary decompositions and the Boudouard reaction contribute to the 






out the HTL process at extremely high temperatures because it would lead to high operational 
costs and reduced bio-oil yields. It has been observed that higher amounts of bio-oil are 
produced at intermediate temperatures in the range of 300-350 °C (Akhtar and Amin, 2011).  
Effects of Pressure 
Both sub- and super-critical HTL conditions require a highly pressurized system to maintain 
a single-phase media throughout the duration of the process. Two-phase systems require large 
heat inputs to maintain the reaction temperature and therefore, the liquefaction media should 
not be allowed to undergo any phase change during the process (Akhtar and Amin, 2011, 
Goudriaan et al., 2000). The pressure must be maintained above the critical pressure value 
for the medium so as to facilitate the production of liquid bio-fuels via thermodynamically 
favourable reaction pathways. In addition, pressure increases the density of the medium. As 
a result, the solvent efficiently penetrates into the biomass molecules and enhances 
decomposition and extraction processes (Akhtar and Amin, 2011). However, the properties 
of water or the aqueous phase in super-critical state are negligibly affected by changes in 
pressure. Hence, in super-critical liquefaction, variation in pressure has no significant effect 
on the overall yield of bio-oil (Akhtar and Amin, 2011, Sangon et al., 2006). 
Effects of Solvent Density (Solvent-to-Biomass Ratio) 
Water is the most commonly used solvent for thermo-chemical liquefaction processes. 
During the HTL process, water functions as a solvent, as a reactant and also as a catalyst 
(Dimitriadis and Bezergianni, 2017, Chornet and Overend, 1985). The weight ratio of 
biomass to water (inverse of solvent density) is regarded as an important parameter for 
controlling the bio-oil yield (Akhtar and Amin, 2011).  
Increasing the biomass-to-water ratio results in a decrease in the bio-oil yield. At high 
biomass-to-water ratios, there are fewer solvent molecules available per unit volume of 
biomass molecules. This hinders the extraction and dissolution of biomass components by 
the solvent. Hence, a higher solvent density can lead to a higher bio-oil yield. However, this 
result comes at the expense of increased in-process energy consumption and elevated costs 
for processing the downstream wastewater (Akhtar and Amin, 2011, Qu et al., 2003). 






decrease in the production of bio-oil (Boocock and Sherman, 1985). Generally, in an HTL 
process, the biomass-to-water weight ratio is kept in the range of 0.1-0.2 (Filippis et al., 
2016). 
2.2 Separation of Hydrothermal Liquefaction Products 
In addition to bio-crude, a typical HTL process also results in the formation of aqueous phase 
by-products containing dissolved organics, gaseous products and a solid residue (bio-
residue). After releasing the gaseous products, an organic solvent is added to the HTL product 
mixture. The bio-crude dissolves in the organic solvent and forms an organic liquid phase. 
The organic phase is then separated from the product mixture and the solvent evaporated to 
obtain liquid bio-crude. Thereafter, the solid residue is removed from the aqueous phase and 
water is evaporated from the remaining aqueous mixture to recover dissolved organics 
(Valdez et al., 2011). 
Different authors have reported different variations of the aforementioned process for 
separating the HTL products (Valdez et al., 2011, Kader et al., 2015, Ross et al., 2010, Yang 
et al., 2014, Zou et al., 2009). Moreover, different organic solvents such as acetone, 
chloroform, dichloromethane, tetrahydrofuran, ethyl acetate, petroleum ether, cyclohexane, 
hexane, methoxy-cyclopentane, etc., have been employed in these studies for carrying out the 
separation process. It has been further suggested that the yield and composition of bio-crude 
and bio-residue fractions might be influenced by the specific solvent that is used for the 
extraction process (Valdez et al., 2011). 
2.3 Upgrading of Hydrothermal Liquefaction Bio-crude 
2.3.1 Hydrotreating Process Overview 
Hydrotreating is a catalytic process used extensively to reduce sulphur and other undesirable 
compounds such as nitrogen, metals, oxygen, aromatics and unsaturated hydrocarbons from 
refinery processing streams. These compounds adversely affect the stability and performance 
of the oil, contribute to catalyst poisoning in downstream unit operations and make the oil 
incompatible with respect to environmental regulations (Badoga, 2015, Mapiour, 2009). 
Hydrotreating includes variety of processes such as hydrodesulphurization (HDS), 






hydrodeoxygenation (HDO), and olefin saturation. In this process, hydrogen is used at high 
pressure and temperature in the presence of a metal catalyst to achieve the removal of unwanted 
constituents from crude oil. For lighter feedstock such as naphtha, the hydrotreating process is 
carried out at temperatures ranging from 260 °C to 343 °C and pressures ranging from 1.4 
MPa to 3.4 MPa. On the other hand, for heavier feedstocks, the hydrotreating process requires 
temperatures in the range of 343-427 °C and pressures in the range of 6.9-13.8 MPa (Mapiour, 
2009, Botchwey, 2003). 
2.3.2 Hydrotreating Reactions 
The hydrotreating reaction (2.1) is represented as: 
Feed + H2 → Hydrocarbon + H2S + NH3 + H2O                                                                (2.1) 
Hydrogen reacts with the hydrocarbon feedstock in the presence of a suitable catalyst to 
produce saturated hydrocarbons, H2O, hydrogen sulphide (H2S) and ammonia (NH3) 
(Mapiour, 2009). All the hydrotreating reactions are exothermic in nature which causes an 
increase in the reaction temperature as the feed passes through the catalyst bed. It has been 
reported that the values of Keq for HDS and HDN are positive over a wide range of 
temperatures (on the commercial scale). This indicates that hydrotreating reactions are 
basically irreversible and can proceed to completion if hydrogen is present in stoichiometric 
quantity. For all practical purposes, nth order kinetics with respect to the total concentration of 
the heteroatom is used for the hydrotreating process. The n-value depends on various factors: 
a) type and concentration of the heteroatom, b) properties of the catalyst, c) nature of the feed, 
d) operating conditions, etc., and it has been observed that the value of n for most 
hydrotreating reactions is typically greater than 1 (Fundamentals of Hydrotreating Part 1, 
2019). 
2.3.3 Hydrotreating Catalysts 
As is the case with many other chemical reactions, hydrotreating also requires suitable 
catalysts to speed up the process. Hydrotreating catalysts consist of three main constituents: 
a) An active component – Molybdenum (Mo) is most commonly used but occasionally, 
tungsten (W) is also used (Mapiour, 2009). 






the catalyst and thus, improves the overall catalytic activity. Cobalt (Co) or nickel (Ni) are 
normally used to promote molybdenum catalysts (Mapiour, 2009). 
c) A support – Gamma alumina (γ-Al2O3) is normally used as the support material. Its main 
purpose is to impart mechanical strength to the catalyst (Satterfield, 1996). The acidity of the 
support material and the corresponding metal-support interactions lead to an increase in the 
catalytic activity of the hydrotreating catalyst. Furthermore, the addition of small amounts of 
phosphorous or silica to the support has been found to enhance its acidity (Mapiour, 2009, 
Gruia, 2006). 
At present, NiMo/γ-Al2O3 and CoMo/γ-Al2O3 are the most widely used commercial 
hydrotreating catalysts (Rana, 2016). CoMo catalysts are the most popular and economic 
choice for desulphurization. NiMo catalysts are used in place of CoMo catalysts when more 
refractory sulphur compounds need to be removed (Badoga, 2015, Stanislaus et al., 2010). 
NiMo catalysts are also the primary choice for both de-nitrogenation and de- aromatization 
(Girgis and Gates, 1991, Gary et al., 2007). Though NiW is the most efficient catalyst for 
such cases, it is much more expensive than NiMo and hence, is seldom used (Gary et al., 
2007). 
2.3.4 Hydrodeoxygenation of Bio-crude 
Owing to their origin from ligno-cellulosic biomass feedstocks, HTL bio-crudes have been 
found to possess significantly low amounts (< 0.5 wt. %) of sulphur and nitrogen (Jensen et 
al., 2016). Nonetheless, the amount of oxygen present in HTL bio-crude is pretty high 
compared to petroleum crude. Therefore, hydrodeoxygenation (HDO) is the primary 
objective of hydrotreating in the present case. In petroleum crude, the heteroatom (N, S, O, 
etc.) content is a function of boiling point, i.e., the majority of N and S content is found in the 
high-boiling fractions while their concentration in the low-boiling fractions is almost 
negligible (Gary et al., 2007). On the other hand, such distribution is not observed in the case 
of HTL bio-crude; the oxygenates have been found to exist in significant quantities in 
different fractions of the bio-crude. The oxygenates comprise of phenols, alcohols, carbonyls, 
carboxylic acids, ketones, ethers, etc. These compounds have different hydrodeoxygenation 







2.3.5 Deoxygenation Reactions 
Deoxygenation can proceed through hydrogenation (HYD) followed by hydrodeoxygenation 
(HDO) reactions if the HTL bio-crude contains large numbers of hydroxyl and carbonyl 
groups. Besides, decarboxylation and decarbonylation reactions can also occur if carboxylic 
acids and aldehydes are present in the bio-crude (Jensen et al., 2016). 
i) Hydrodeoxygenation (HDO): Hydrogen is used as a reducing agent to react with oxygen- 
containing compounds and remove the oxygen atom in the form of H2O. A typical 
hydrodeoxygenation process has been shown in reaction (2.2): 
(CH2O) + H2 → (CH2) + H2O                                                                                              (2.2) 
ii) Decarboxylation (DCO2): Carboxyl groups present in the bio-crude undergo 
decomposition and the oxygen atom is removed in the form of CO2. The O-H bond breaks and 
results in the formation of hydrogen ions and carboxylate anions. Carbon dioxide is then 
formed from the carboxylate anions and the residual alkyl anions couple with H+ ions to 
generate hydrocarbons (Li et al., 2018). The decarboxylation process has been shown in 
reactions (2.3), (2.4) and (2.5): 
RCOOH ⇋ RCOO- + H+                                                                                                        (2.3) 
RCOO- ⇋ R- + CO2                                                                                                               (2.4) 
R- + H+ → R-H                                                                                                                        (2.5) 
iii) Decarbonylation (DCO): In this process, the C-C bonds present in carboxylic acids or 
aldehydes undergo breakage and the oxygen atom is removed in the form of CO (Li et al., 
2018). The reaction (2.6) yields unsaturated hydrocarbons as shown: 
RCHO → R-H + CO                                                                                                                 (2.6) 
However, in the presence of H2, the process would yield saturated aliphatic hydrocarbons as 






RCOOH + H2 → R-H + HCOOH                                                                                           (2.7) 
HCOOH → CO + H2O                                                                                                             (2.8) 
Both decarboxylation and decarbonylation reactions involve C-C bond cleavage that results in 
the formation of hydrocarbons having one less carbon atom than the reactant. Moreover, 
pollutants such as CO and CO2 are formed as by-products in the aforementioned reactions. 
Under the reaction conditions, these by-products may undergo further hydrogenation to 
produce methane. This would result in a higher H2 consumption than that in the case of 
hydrodeoxygenation. On the other hand, hydrodeoxygenation produces hydrocarbons having 
the same carbon-number as the reactant. In addition, the process yields H2O as the only by- 
product and is thus more environment-friendly (Li et al., 2018). 
2.3.6 Hydrodeoxygenation Catalysts 
Over the years, metal sulphide catalysts such as NiMo/γ-Al2O3 and CoMo/γ-Al2O3 have been 
the preferred choice for use in HDO processes (Gutierrez et al., 2009). Toba et al. (2011) 
investigated the hydrodeoxygenation of waste cooking oil over three sulphide catalysts: 
NiMo/Al2O3, CoMo/Al2O3 and NiW/Al2O3. The catalysts exhibited similar hydrocarbon 
yields (~ 100%) and high selectivity for the formation of saturated hydrocarbons. It was also 
observed that the NiW/Al2O3 catalyst facilitated both decarboxylation and decarbonylation 
reaction pathways and produced more olefins. However, these conventional catalysts are 
prone to rapid deactivation by leaching of sulphur in the presence of trace quantities of water. 
Due to low sulphur content of the feedstock, sulphur leaching takes place and brings about 
changes in the micro-structure of the active sites. This eventually leads to deactivation of the 
catalyst (Li et al., 2018). Moreover, the addition of sulphating reagents such as H2S, CS2 and 
DMDS can contaminate the final products formed during the HDO process (Hachemi et al., 
2016, Kimura et al., 2013). Therefore, recent studies have predominantly focussed on 
developing sulphur-free hydrodeoxygenation catalysts. 
Noble-metal catalysts are known to be efficient in activating molecular hydrogen atoms and 
hence, they exhibit better catalytic activity and stability on different support materials 






Ru/TiO2, Ru/Al2O3, Pd/C and Pt/C catalysts with that of conventional metal sulphide catalysts. 
The authors reported that the performance of Ru/C catalyst, in terms of oxygen elimination and 
hydrocarbon yield, was better than all the other catalysts used in the study. Gollakota et al. 
(2016) mentioned the use of Fe/SiO2 catalyst for the hydrodeoxygenation of guaiacol. Benzene 
and toluene were the products obtained in this process. Nickel-based catalysts such as Ni/Al2O3 
have been shown to achieve an HDO degree of 95% while bi-metallic Ni-Cu catalysts such 
as Ni-Cu/Al2O3 can achieve even better HDO degree of 99.2% (Gollakota et al., 2016). In 
Table 2.1, some of the HDO catalysts that are found in literature have been summarized. 
Table 2.1 Summary of HDO catalysts from literature. 
Feed T (°C) P (MPa) Catalyst Reference 







Cellulose 300-520 10 NiMo/Al2O3 
Rocha et al., 
1996. 
Ortho-, meta- and para-
cresols 
360 7 NiMo/Al2O3 
Wandas et al., 
1996. 
Guaiacol 280 1 
Pt/ZrO2 and Rh-
Pt/ZrO2 




280 7 CoMo/C 
Puente et al., 
1999. 
Pyrolysis oil 175-300 5-15 Pd/C 
Chaiwat et al., 
2013. 
Eugenol 240 5 
Pd/C combined 
with HZSM-5 
Zhang et al., 
2014. 
Fast pyrolysis oil 150-350 1-10 Ni-Cu/Al2O3 
Ardiyanti et al., 
2012. 





Mo2C and WS2 
Grilc et al., 
2015. 
2.3.7 Metal Carbide Hydrodeoxygenation Catalysts 
Due to the introduction of carbon into the metal lattice, metal carbides exhibit high catalytic 
activity for HDO similar to noble metals (Furimsky, 2003). Molybdenum carbide (Mo2C) is 
the most widely used catalyst in this category. Mo2C is usually dispersed over alumina, zeolite 
or carbon supports. The carbon support can be of different structures e.g., carbon nanotube 






carbide catalysts can be prepared via different methods such as temperature programmed 
reduction (TPR), carbothermal hydrogen reduction (CHR) and microwave-assisted method 
(Li et al., 2018). 
Mo2C catalysts are highly oxophilic in nature. The adsorption of oxygen atoms on the Mo2C 
catalyst during HDO reaction has been shown to result in high deoxygenation selectivity and 
low hydrogenation selectivity (Wang et al., 2016, Lee et al., 2014). Mo2C catalysts show 
preference towards HDO reaction pathway over decarboxylation and decarbonylation 
because they exhibit high selectivity towards C-O/C=O bond cleavage instead of C-C bond 
breakage (Ren et al., 2013). Phenolic compounds are considered to be the most refractory 
species present in bio-oil (Wang et al., 2016). Based on this fact, Jongerius et al. (2012) 
carried out the HDO reaction for guaiacol using Mo2C catalysts at 350 °C and 55 bar H2. The 
authors observed high selectivity for phenol (45%) and methylated phenols (13%). Lee et al. 
(2014) also used unsupported Mo2C catalysts to study the HDO process for anisole and 
reported impressive selectivity for benzene (> 90%). Han et al. (2011) used Mo2C/CNT 
catalyst for deoxygenation of methyl palmitate and vegetable oils, and reported high activity 
and preference for the HDO pathway. Kim et al. (2015) also observed higher hydrocarbon 
yield and reduced deactivation for the Mo2C/RGO catalyst in comparison to commercial 
CoMo/Al2O3 catalysts. This was attributed to the uniform dispersion of Mo2C nanoparticles 
over the support, more thermodynamically favourable adsorption of hydrogen gas on Mo2C 
surfaces and easier mass transport of reactant molecules due to large pore sizes present in the 
RGO support (Li et al., 2018). In this study, the hydrocarbon yield increased with increasing 
Mo content in the catalyst till it reached the maximum value of 84.6% at 17 wt. % Mo loading. 
Thereafter, the hydrocarbon yield decreased with increasing Mo loading. This can be 
attributed to an increase in the particle size of Mo2C and a decrease in the number of exposed 
active sites (Kim et al., 2015). In Table 2.2, the performances of some of the molybdenum 
carbide HDO catalysts that are found in literature have been summarized. 
Due to the high moisture content in bio-oil, the γ-Al2O3 support suffers from thermal 
instability which leads to high coke deposition rates when sulphided NiMo/γ-Al2O3 or 






adversely affect the selectivity for the HDO process due to the acidity of γ-Al2O3 supports. It 
has been observed that the surface area and pore volume of γ-Al2O3 supports decrease during 
the HDO process. In comparison, carbon supports are neutral and inert in nature and have 
better tolerance towards moisture. They have superior surface area, meso-porosity, pore 
volume and thermal stability as compared to γ-Al2O3 supports. Due to the hydrophobic nature 
of carbon supports, the water formed during the HDO process does not get adsorbed on the 
active sites. This significantly reduces the rate of catalyst deactivation (Wang et al., 2016, 
Patel and Kumar, 2016). 
Table 2.2 Summary of molybdenum carbide HDO catalysts from literature. 







Anisole 420-520 0.1 Mo2C 
Conversion: 100% 
Selectivity: > 90% 
Lee et al., 
2014. 
Ethyl caprate 280 6 MoC-SiO2 




Furfural 250 0.1 Co/Mo2C 
Yield: ~ 90% 
Conversion: ~ 98% 
Selectivity: ~ 95% 





260-280 0.1 Mo2C 
Yield: > 90% 
Conversion: 95% 
Selectivity: ~ 95% 
Chen et al., 
2016. 





Li et al., 
2016b. 
Oleic acid 350 5 Mo2C/RGO 
Yield: 84.6% 
Conversion: ~ 72% 
Selectivity: > 95% 
Kim et al., 
2015. 






Wang et al., 
2013. 
Guaiacol 300 3 Mo2C/AC 
Conversion: 97% 
Selectivity: 39.4% 
Cai et al., 
2017. 




et al., 1998. 
Phenol 350 2.5 Mo2C/TiO2 
Conversion: ~ 60% 
Selectivity: > 90% 
Boullosa-








3.1 Properties of Feedstocks 
As previously stated in Chapter 1, the HTL product mixture used in the present study is 
obtained from a combination of canola meal and wheat flour. Proximate and ultimate analysis 
of the canola meal and wheat flour feedstocks have been presented in Table 3.1. From Table 
3.1, it can be seen that wheat flour has higher carbon, hydrogen, oxygen, and calorific values 
than canola meal. 
Table 3.1 Ultimate and proximate analysis of canola meal and wheat flour feedstocks used 
for HTL process. 
  Feedstock 




Moisture 3.8 ± 0.1 13.1 ± 0.3 
Ash Content 59.0 ± 0.83 0.6 ± 0.01 
Volatile Matter 36.3 ± 0.2 74.0 ± 0.5 




C 27.5 ± 0.8 38.9 ± 0.7 
H  3.8 ± 0.1 5.4 ± 0.3 
N < 0.01 1.6 ± 0.08 
S 0.5 ± 0.05 < 0.01 
O* 5.5 ± 0.4 40.4 ± 0.7 
Calorific Value (MJ/kg) 13.8 ± 0.4 18.7 ± 0.6 
* Calculated by difference 
3.2 Extraction of Bio-crude 
The highly viscous (semi-solid) hydrothermal liquefaction (HTL) product mixture provided 
by NULIFE Green Tech contained bio-crude, water and solids. Bio-crude was then recovered 
from the product mixture using solvent-extraction method. In the present research work, six 
different solvents – methanol, acetone, ethyl acetate, tetrahydrofuran, toluene and petroleum 
ether - were used individually for the extraction process to investigate the bio-crude yields as 
part of a pre-screening study. All the solvents were purchased from Fisher Scientific, 
Edmonton, Canada and they were used as received. The solvents were chosen based on their 
relative polarities. Relative polarity is defined as the polarity of a solvent with respect to 






solvents are determined with reference to water. The values for relative polarity were obtained 
from literature (Reichardt, 2003). The HTL product was first heated in an oven at 100 °C for 
24 hours to remove water from the mixture. Following that, the solvent was added to the HTL 
product and the mixture was magnetically stirred at room temperature for 6 hours to ensure 
proper dissolution of the bio-crude in the solvent and achieve efficient extraction of bio-
crude. The liquid fraction (bio-crude and solvent) was separated from the solid fraction (bio-
residue) using vacuum filtration. The filter papers (slow flow, 18.5 cm) were purchased from 
VWR International, Mississauga, Canada. The liquid mixture was then heated under vacuum 
in a rotary evaporator to separate the solvent from the bio-crude fraction. After complete 
separation and collection of the solvent, bio-crude was obtained as the final product. The bio-
crude yields for the six solvents have been presented in Table 3.2. From the pre-screening 
study, it was found that ethyl acetate (EA), tetrahydrofuran (THF) and petroleum ether (PE) 
resulted in the highest bio-crude yields among the six solvents. Therefore, these three solvents 
were selected for further comparative studies. In general, these three solvents don’t have an 
absolute and specific advantage over the other solvents used in the pre-screening study of the 
current work or elsewhere. The choice of solvent depends on the nature (polarity) of 
compounds present in the HTL product mixture which in turn is characteristic of the feedstock 
used for the purpose. Thus, if there is prior information available regarding the type of 
compounds present in a given feedstock, then the solvents required for extracting bio-crude 
can be chosen accordingly. Depending upon the solvent (EA, THF or PE) that was used for 
the extraction process, the bio-crude (BC) samples were labelled as BC-EA, BC-THF and 
BC-PE while the bio-residue (BR) samples were named as BR-EA, BR-THF and BR-PE. 
Table 3.2 Bio-crude and bio-residue yields for solvent-extraction method. 
Solvent Relative Polarity Bio-crude Yield (%) Bio-residue Yield (%) 
Methanol 0.762 10.8 ± 0.4 86.9 ± 0.7 
Acetone 0.355 14.7 ± 0.5 82.8 ± 0.5 
Ethyl Acetate 0.228 31.8 ± 0.6 66.4 ± 0.3 
Tetrahydrofuran 0.207 37.8 ± 0.5 59.8 ± 0.8 
Toluene 0.099 10.4 ± 0.3 88.4 ± 0.4 







3.3 Characterization of Bio-crude and Bio-residue 
Simulated Distillation (Sim-Dist) Analysis 
Simulated distillation technique was used to estimate the boiling point distribution of the 
extracted bio-crudes. The bio-crude samples were analyzed using a Varian CP-3800 gas 
chromatograph (Varian, Inc., Walnut Creek, CA, USA) and the simulated distillations were 
modelled after ASTM D-2887 method (ASTM International, 2018). The bio-crude samples 
were dissolved in CS2 (Fisher Scientific, Canada) to prepare the solutions for Sim-Dist 
analysis.   
Karl-Fischer Coulometric Titration 
The moisture content in the bio-crude samples was determined via Karl-Fischer (KF) 
coulometric titration. The analysis was carried out using a Mettler-Toledo DL32 Karl Fischer 
Coulometer (Mettler-Toledo, LLC, Columbus, OH, USA). The bio-crude samples were 
dissolved in methanol (HPLC grade; Fisher Scientific, Canada) to prepare the solutions for 
KF coulometric titration and HydranalTM – Coulomat AG (Honeywell FlukaTM, Canada) was 
used as the reagent (anolyte solution) for the same.    
CHNS Elemental Analysis 
The amounts of carbon, nitrogen, hydrogen and sulphur in the bio-crude and bio-residue 
samples were determined using a Vario EL III CHNS elemental analyzer (Elementar Americas, 
Inc., Ronkonkoma, NY, USA). The amount of oxygen in the samples was calculated by 
difference. Further, the (H/C) ratios for all the bio-crude and bio-residue samples were 
calculated according to the following equation: 
(H/C) = (H/1.008) / (C/12.011)                                                                                                (3.1) 
Where C and H are the weight percentages of carbon and hydrogen, respectively. 
Ash Content Analysis 
The ash content analysis for the bio-crude and bio-residue samples was carried out according 
to the ASTM D482-13 standard test method (ASTM International, 2013).  
Gas Chromatography-Mass Spectrometry (GC-MS) Analysis 
The GC-MS analysis was carried out to identify different compounds present in the bio-crude 






Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The source temperature was 
set at 250 °C and the helium flow rate was 1.2 mL/min. One μL of each sample was injected 
at 250 °C with a split ratio of 50:1 and split flow of 60 mL/min. The oven temperature was 
initially set to 40 °C with a hold time of 1 min, then increased to 150 °C at 5 °C/min and 
finally, increased to 320 °C at 10 °C/min and held constant for 5 min. The bio-crude samples 
were dissolved in acetone (Anachemia – VWR International, Canada) to prepare the test 
samples for GC-MS analysis. The mass spectral data for the bio-crude samples were acquired 
from 50 to 650 m/z and the peaks were identified after comparison against the standard NIST 
(National Institute of Standards and Technology) library using ChromeleonTM 7.2 
Chromatography Data System (CDS) software.     
Fourier Transform Infrared (FTIR) Spectroscopy 
The FTIR spectra of bio-crude and bio-residue samples were obtained to qualitatively 
determine the functional groups present in them. The spectroscopic analysis was carried out 
using a Bruker Vertex 70 FTIR spectrometer (Bruker Corporation, Billerica, MA, USA). A 
diamond ATR (attenuated total reflection) crystal was used in the spectrometer to obtain the 
infrared spectra in the range of 4500-400 cm-1 for bio-crude samples and 4000-500 cm-1 for 
bio-residue samples.    
Oxidation Stability Analysis 
The oxidative stability of bio-crude samples was determined by an accelerated 
oxidation/ageing test (Rancimat method) carried out at 110 °C according to the EN 14112 
standard test procedure (European Committee for Standardization, 2003). A Metrohm 743 
Rancimat (Metrohm AG, Herisau, Appenzell Ausserrhoden, Switzerland) was used to 
conduct the stability tests and Millipore water was used as the measuring solution. 
Solid-state 13C Cross-Polarization/Total Suppression of Sidebands (CP/TOSS) Nuclear 
Magnetic Resonance (NMR) Spectroscopy 
Quantitative information about the composition of bio-residue samples was obtained using a 
Bruker Avance 500 MHz NMR spectrometer. The instrument was used to conduct 13C 
CP/TOSS NMR experiments at a spinning frequency of 6 kHz. Proton-to-carbon CP TOSS 






total time for CP/TOSS with decoupling experiments was typically 90 minutes with 2048 
scans. 
13C Nuclear Magnetic Resonance (NMR) Spectroscopy 
13C NMR spectral analysis was performed for all the bio-crude samples using a Bruker 
Avance 500 MHz NMR spectrometer equipped with 5 mm broadband inverse probe. The 
samples for analysis were prepared by dissolving 5 mg of a bio-crude sample in CDCl3 
(Merck, Germany) followed by filtration using 0.2 µm non-pyrogenic sterilized disc filters 
(VWR, Canada). During the analysis, 13C NMR spectra were referenced to CDCl3 solvent at 
77.3 ppm and the experimental data were processed through TopSpin version 3.5 software. 
All the spectra resulted from 2048 scans and the components of the bio-crude samples were 
quantified by integrating the chemical shifts based on the carbon bonding behavior of their 
functional groups such as: paraffinic C–H, C–H2, C–H3; aromatic C–H; ether, phenolic, 
carboxylate and carbonyl. 
Particle Size Analysis 
The particle size distributions in the bio-residue samples were determined using a Malvern 
Mastersizer particle size analyzer (Malvern Instruments, Malvern, Worcestershire, UK). The 
particles were scanned for sizes in the range of 4-3500 μm.   
X-ray Diffraction (XRD) Analysis 
The structural phases in the bio-residue samples along with their crystal parameters were 
determined by X-ray diffraction crystallography. The analysis was carried out using a Bruker 
D8 Advance Series II X-ray Powder Diffractometer (Bruker Corporation, Billerica, MA, 
USA). The diffractometer was fitted with a Cu K-α radiation source (λ = 1.5406 Å) and was 
operated at 40 kV voltage and 40 mA current. Powder XRD data were collected in the two-
theta range of 10-90° (wide-angle XRD) at a scan rate of 1.36° per minute and step size of 
0.02°. Thereafter, the peaks and corresponding phases present in the bio-residue samples were 
identified from the XRD patterns using X’Pert HighScore Plus (version 2.2.2) software 








Brunauer-Emmett-Teller (BET) and Barret-Joyner-Halenda (BJH) Analysis 
The specific surface areas of the bio-residue samples were calculated from the BET method 
while the pore sizes and pore volumes were estimated from the BJH method. The analysis 
was carried out by the adsorption and desorption of N2 at 77K using a Micromeritics ASAP 
2020 surface area and porosity analyzer (Micromeritics Instrument Corporation, Norcross, 
GA, USA). Prior to degassing at 300 °C under vacuum, the samples were heated overnight at 
315 °C to remove the traces of oil present in the samples post extraction.    
Thermogravimetric Analysis (TGA) 
The thermal stability of bio-residue samples was evaluated via thermogravimetric analysis 
(TGA) method using a TGA Q500 instrument (TA Instruments – Waters LLC, New Castle, 
DE, USA). The samples (8-10 mg) were heated from room temperature till 800 °C at a 
ramping rate of 10°C/min. All the measurements were carried out in a nitrogen (flow rate: 60 
mL/min) atmosphere. Nitrogen was also used as the purge gas at a flow rate of 40 mL/min.    
3.4 Catalyst Synthesis 
The carbon-supported molybdenum carbide catalysts were synthesized via Carbothermal 
Hydrogen Reduction (CHR) method (Wang et al., 2018, Liang et al., 2002, Liang et al., 2016). 
Three different carbon supports were used for synthesizing the catalysts: commercial activated carbon 
(AC), commercial multi-walled carbon nanotubes (MWCNT) and bio-residue (BR) obtained 
during Phase 1 of research. The bio-residue was heated overnight at 315 °C to remove the 
traces of bio-crude present in the sample post extraction. The supports were separately pre-
treated with 6M HNO3 at 80 °C for 3 hours in order to introduce oxygen functional groups 
on the surface. Individual mixtures were then cooled, filtered and washed with distilled water 
several times till the pH of the filtrate became neutral. After that the samples were dried 
overnight under vacuum at 100 °C. Molybdenum was then impregnated onto the supports via 
incipient wetness impregnation method. Ammonium heptamolybdate was used as the 
precursor for the same. The precursor was dissolved in deionized water and the solution was 
added drop-wise to the supports to achieve 13 wt. % Mo loading. For catalyst synthesis, 5 g 
of catalyst was taken as the basis. To achieve a 13 wt. % molybdenum loading, 1.146 g of 






(for bio-residue support) of water and the precursor solution was then added dropwise to 
4.793 g of support. The amount of water required for preparing the precursor solutions for 
the supports was calculated from the pore volume data (please see Table 5.3 for reference) of 
the support materials. The precursor-impregnated supports were then dried overnight under 
vacuum at 100 °C and thereafter, calcined under N2 flow at 500 °C for 3 hours. Following 
that, the samples were heated till 700 °C with a H2 flow of 100mL/min in a tubular furnace at 
a rate of 10 °C/min. The samples were held and reduced at this temperature for 3 hours. 
Finally, the catalyst samples labelled as Mo/AC, Mo/MWCNT and Mo/BR were quenched 
to room temperature under nitrogen flow and passivated in a 200 mL/min flow of 1% O2 in N2 
for 45 minutes. 
3.5 Catalyst Characterization Techniques 
N2 Physisorption and CO Chemisorption Analyses 
A Micromeritics ASAP 2020 instrument (previously discussed in section 3.3) was used to 
carry out the physisorption and chemisorption analyses. N2 physisorption was carried out to 
determine the specific surface areas (BET method) and pore sizes and pore volumes (BJH 
method) of the carbon supports and the synthesized catalysts. The metal dispersion over the 
synthesized catalysts was determined via CO chemisorption. The pre-treatment for the 
catalyst samples was carried out in the instrument using Helium gas at 110 °C for 60 min. 
Thereafter, the samples were reduced in-situ using a flow of H2 gas at 350 °C for 2 h. Finally, 
the samples were cooled to 35 °C and CO gas was injected into the sample tube for starting 
the analysis. 
Thermogravimetric Analysis (TGA) and X-ray Diffraction (XRD) Analysis 
A TGA Q500 instrument was used to evaluate the thermal stability of the synthesized 
catalysts via thermogravimetric analysis while a Bruker D8 Advance Series II X-ray Powder 
Diffractometer was used to identify the structural phases in the synthesized catalyst samples. 
The details of both the analyses have been previously discussed in section 3.3.   
Ammonia Temperature Programmed Desorption (NH3-TPD) Analysis 
The strength and abundance of acidic sites on the surface of synthesized catalysts were 






analysis was carried out using a Micromeritics AutoChem HP chemisorption analyzer 
(Micromeritics Instrument Corporation, Norcross, GA, USA). The catalyst samples were 
purged in-situ with helium at 400 °C for 1 h to remove moisture and volatile impurities. 
Thereafter, the samples were cooled down and exposed to a 30 mL/min flow of 3% (v/v) 
NH3/He gas mixture for 2 h. The physisorbed ammonia was removed by passing He over the 
samples at 100 °C for 1 h and following that, NH3-TPD analysis was carried out by heating 
the catalyst samples from 100 °C to 800 °C at a rate of 10 °C/min. 
X-ray Photoelectron Spectroscopic (XPS) Analysis 
The surface elemental composition and abundance of different oxidation states of the 
impregnated metal in the synthesized catalysts were determined via X-ray photoelectron 
spectroscopy. The XPS analysis was carried out using a Kratos AXIS Supra (Kratos 
Analytical Ltd, Manchester, UK) spectrometer at the Saskatchewan Structural Sciences 
Centre (SSSC). The spectrometer comes equipped with a 500 mm Rowland circle 
monochromated Al K-α (1486.6 eV) source and a combination of hemi-spherical analyzer 
(HSA) and spherical mirror analyzer (SMA). A spot size of 300x700 microns (hybrid mode) 
was used for the analysis. The survey scan spectra for the catalyst samples were collected in 
the 0-1200 eV binding energy range in steps of 1 eV using a pass energy of 160 eV. 
Additionally, high-resolution scans of different regions were obtained using steps of 0.05 eV 
with a pass energy of 20 eV. An accelerating voltage of 15 keV and an emission current of 
15 mA were used for analyzing the synthesized catalysts.  
3.6 Preparation of Bio-crude Blend and Sulphidation of Commercial 
Catalysts 
For reaction runs using synthesized catalysts, 5 g of extracted bio-crude and 45 g of 
‘hydrotreated heavy gas oil’ (HHGO) were taken in a glass beaker and magnetically stirred 
at 120 °C for 5.5 hours to achieve a 10 wt. % blend of bio-crude in HHGO. The total weight 
of the feed in the reactor vessel was thus 50 g. However, for reaction runs using commercial 
catalysts, 16.67 g of bio-crude and 150.03 g of HHGO were mixed together to obtain 10 wt. 
% bio-crude blend. In this case, the total weight of feed in the reactor vessel was 166.7 g. The 






facilitates handling of the feed during the upgrading process. An already hydrotreated refinery 
intermediate was chosen for blending in order to minimize its contribution towards the total 
concentration of heteroatoms in the final calculation.    
The sulphiding solution for commercial catalysts was prepared by mixing 2.9 vol.% 
butanethiol in straight run gas oil (VOLTESSO 35) inside the fume hood. 200 mL of the 
prepared solution was then added to the reactor vessel for sulphiding the catalyst. The 
commercial catalysts were sulphided in two stages: at 193 °C for 4 hours and then at 343 °C 
for 4 hours. The temperature was increased from room temperature till 180 °C at a ramping 
rate of 2.5 °C/min. Thereafter, the temperature was slowly increased to 193 °C in steps of 2-
3 °C, allowing the temperature to equilibrate before changing the set point each time. After 
sulfidation at 193 °C for 4 hours, the temperature was again increased to 333 °C at a ramping 
rate of 2.5 °C/min. Finally, the temperature was increased to 343 °C in steps of 2-3 °C, 
allowing the temperature to equilibrate before changing the set point each time. The pressure 
was maintained at 1300 psi and the stirring speed was kept at 400 RPM throughout the 
sulfidation process (Badoga, 2015, Mapiour, 2009, Rana, 2016). 
Unlike the synthesized catalysts, the commercial catalysts were loaded inside a catalyst 
basket in order to carry out the sulphidation process and the subsequent hydrotreating 
reaction. The catalyst basket was loaded in such a way that the catalyst remains sandwiched 
between layers of glass beads and SiC. At first, the catalyst basket was filled with glass beads 
up to a height of 10 mm. Thereafter, 10 mm of 16 mesh SiC was added to the catalyst basket. 
0.5 g of catalyst (3% w/w with respect to the amount of bio-crude in the feed) was then 
weighed and added above the layers of glass beads and SiC. 10 mm of 16 mesh SiC, followed 
by 10 mm of glass beads were finally added above the layer of catalyst and the basket was 
sealed. 
3.7 Hydrotreating Reaction and Screening of Synthesized Catalysts 
For screening studies using synthesized catalysts, the hydrodeoxygenation of bio-crude was 
carried out in a Parr batch reactor system having five 100 mL reactors connected in parallel 
(Fig. 3.1) while the hydrotreating reaction runs using commercial catalysts were carried out 







Fig. 3.1 100 mL Parr batch reactor system (5 reactors connected in parallel). 
 
 






The 10 wt. % blend of bio-crude in hydrotreated heavy gas oil (HHGO) was hydrotreated at 
300 °C for 3 hours with a catalyst loading of 3% w/w. The temperature was increased to 290 
°C at a ramping rate of 2.5 °C/min. Thereafter, the temperature was slowly increased to 300 
°C in steps of 2-3 °C, allowing the temperature to equilibrate before changing the set point 
each time. The pressure was maintained at 725 psi (5 MPa) and the stirring speed was kept at 
400 RPM throughout the reaction. The screening conditions were selected based on the 
literature review discussed in Chapter 2. After completion of the reaction, the heating was 
switched off and the reactor vessel was allowed to cool down to room temperature. 
Thereafter, the product was collected in a glass bottle and N2 was gently bubbled through the 
product to remove the trapped gases that were produced during the reaction. The synthesized 
catalysts were in powder form and black in colour. The hydrodeoxygenation reaction also 
yielded coke which was black in colour. As a result, it was not possible to distinguish the 
catalysts from coke particles and separate the catalysts from the reaction mixture. However, 
the catalyst and coke particles were separated out from the hydrodeoxygenated bio-crude 
blend samples using a 0.2 μm syringe filter before analysing the blends. 
3.8 Parametric Study 
Four different process parameters such as temperature (250–350 °C), pressure (3–7 MPa), 
reaction time (1–5 h) and catalyst loading (1–5% w/w with respect to the amount of bio-crude 
in the feed) were studied for the hydrodeoxygenation process using the best-performing 
synthesized catalyst. The range of values for each parameter was again determined from the 
literature review discussed in Chapter 2. The parameters were studied individually (keeping 
the other parameters fixed for a given set of reactions) to determine the maximum extent of 
hydrodeoxygenation (percentage of oxygen removal) achieved within the specified ranges. 
The desirable conditions were obtained corresponding to the overall highest percentage of 
oxygen removal. The bio-crude blend before hydrodeoxygenation was simply labelled as 
‘Blend’ while the bio-crude blend obtained after carrying out hydrodeoxygenation at the 
desirable conditions using the best-performing catalyst was labelled as ‘HDO Blend’ and 







3.9 Feed and Product Analyses 
1H and 13C Nuclear Magnetic Resonance (NMR) Spectroscopy 
The bio-crude blends before and after hydrodeoxygenation (feed and product) were analysed 
using a Bruker Avance 500 MHz NMR spectrometer equipped with a 5mm broadband inverse 
(BBI) probe. The 1H NMR spectra were referenced to CDCl3 solvent at 7.26 ppm and the 
experimental data were processed using TopSpin (version 3.5) software. The 13C NMR 
spectra were also obtained using the aforementioned spectrometer and the details of the 
analysis have already been provided in section 3.3. 
Simulated Distillation (Sim-Dist) Analysis and Karl-Fischer Coulometric Titration 
Simulated distillation was carried out for the feed and product blends using a Varian CP-3800 
gas chromatograph to investigate their boiling point distribution while a Mettler-Toledo 
DL32 Karl Fischer Coulometer was used to determine the moisture content in the said bio-























4. A COMPREHENSIVE ANALYSIS OF BIO-CRUDE AND BIO-
RESIDUE FROM HYDROTHERMAL LIQUEFACTION OF 
AGRICULTURAL BIOMASS 
Most of the content in this chapter has been published as a journal article: Chand R, Borugadda 
VB, Qiu M, Dalai AK. Evaluating the potential for bio-fuel upgrading: A comprehensive 
analysis of bio-crude and bio-residue from hydrothermal liquefaction of agricultural biomass. 
Applied Energy 2019; 254; 113679. DOI: https://doi.org/10.1016/j.apenergy.2019.113679. 
Elsevier holds the copyright and the permission to use the aforementioned article in this thesis 
has been obtained from Elsevier (see Appendix A). The contribution of the M.Sc. candidate 
to the published article included a) extracting bio-crude and bio-residue via solvent-extraction, 
b) characterizing the extracted bio-crude and bio-residue in detail, c) analyzing the results and 
providing explanations for the same, and d) writing the article and replying to reviewers’ 
comments. Dr. V. B. Borugadda (post-doctoral fellow) reviewed the aforementioned 
extraction and characterization methods, helped in analyzing the characterization results 
(especially, for NMR) and provided support in finalizing the layout of the article. Mr. M. Qiu 
(NULIFE GreenTech) supplied the HTL product mixture to carry out the extraction studies 
and provided information on the properties of feedstocks used for the HTL process. Dr. A. K. 
Dalai (supervisor) provided overall guidance, reviewed the research methodology and 
characterization results, submitted the article and monitored the research progress throughout.     
4.1 Solvent-extraction of Bio-crude and Bio-residue  
A mass balance was carried out for the extraction processes and it was observed that THF-
assisted extraction yielded the maximum amount of bio-crude (37.8 ± 0.5 wt. %) and the least 
amount of bio-residue (59.8 ± 0.8 wt. %), while PE-assisted extraction exhibited the opposite 
trend (bio-crude: 17.5 ± 0.5 wt. % and bio-residue: 81.8 ± 0.6 wt. %). EA-assisted extraction 
produced intermediate values for both bio-crude and bio-residue yields (31.8 ± 0.6 wt. % and 
66.4 ± 0.3 wt. %, respectively). The unaccounted fractions in the yield calculations – THF-
assisted extraction: 2.4 ± 0.3 wt. %, EA-assisted extraction: 1.8 ± 0.3 wt. % and PE-assisted 
extraction: 0.7 ± 0.1 wt. % – can be attributed to material losses during the extraction process. 
All calculations were done on dry basis, i.e., after the removal of excess water, free moisture 
and other volatiles by heating the HTL product mixture at 100 °C for 24 hours. Yang et al. 






THF, EA and PE as the solvents. Ethyl acetate and tetrahydrofuran are moderately polar 
solvents and have similar values of relative polarity – 0.228 and 0.207, respectively. On the 
other hand, petroleum ether is a highly non-polar solvent having a relative polarity of ~ 0.01. 
Therefore, the higher bio-crude yields observed in the case of EA- and THF-assisted 
extractions suggest the presence of moderately polar compounds in larger proportions in the 
given HTL product mixture. Even though the nature of compounds present in an HTL product 
mixture is characteristic of the feedstock used for the purpose, the aforementioned correlation 
between solvent polarity and bio-crude yield can be generalized for a wider range of 
feedstocks, provided that there is prior information available regarding the type of compounds 
present in them. 
All the bio-crude samples – BC-EA, BC-THF and BC-PE – were black in colour and the bio-
residue samples – BR-EA, BR-THF and BR-PE – were brownish-black in colour. However, 
the bio-crude samples varied quite distinctively in their viscosities and flowability: upon 
visual inspection and at room temperature, BC-PE had the lowest viscosity (highest 
flowability), BC-THF behaved as a hard and sticky dough-like solid (highest viscosity, no 
flowability) and BC-EA had intermediate viscosity and appreciable flowability. Thus, even 
though THF-assisted extraction exhibited the highest bio-crude yield and the lowest bio-
residue yield, the resultant bio-crude (BC-THF) was difficult to handle due to its extremely 
high viscosity and poor flowability. On the other hand, EA-assisted extraction exhibited quite 
preferable values for both bio-crude and bio-residue yields and, to top it off, the resultant bio-
crude (BC-EA) was much easier to handle due to more favourable viscosity and flow 
properties. 
Besides having the lowest purchase price, ethyl acetate also has the highest boiling point (~ 
77 °C) among the three solvents that were used for extraction of bio-crude. Consequently, it 
was observed that the percentage (40.5 ± 1.5%) of solvent recovery was the highest in case of 
EA-assisted extraction. In comparison, THF-assisted extraction and PE-assisted extraction 
exhibited solvent recovery percentages of 35.5 ± 0.5% and 28.0 ± 1.0%, respectively. The loss 
of solvent could be happening at two points during the extraction process:  
1) Vacuum filtration – Due to the volatile nature of solvents, they are prone to faster 






2) Rotary evaporation – This method is not 100% efficient in recovering all the solvent 
from the liquid mixture that contains bio-crude and the said solvent. As a result, some 
amount of solvent is likely to be left behind in the mixture and that would result in a 
lower percentage of solvent recovery. 
Table 4.1 Energy and cost requirements for solvent recovery in the bio-crude extraction 
process. 





















EA 85 3.07 0.46 405 1.14 
THF 77 2.78 0.42 355 1.18 
PE 74 2.68 0.40 280 1.43 
a Utility rates set by the City of Saskatoon; b Calculated on a 1000 mL solvent basis 
Additionally, the energy and cost requirements for solvent recovery in the bio-crude extraction 
process have been presented in Table 4.1. It was calculated that the cost for recovering a unit 
volume of solvent was the lowest for ethyl acetate. All these factors suggested that among the 
current selection of solvents, ethyl acetate would be the most suitable for extracting bio-crude 
from HTL product mixture.  
4.2 Characterization of Extracted Bio-crude  
4.2.1 CHNS Elemental analysis and Ash Content Analysis  
From the CHNS elemental analysis (Table 4.2), the amounts of carbon, hydrogen, nitrogen 
and sulphur in the bio-crude and bio-residue samples were determined directly. The amount 
of oxygen in these samples was determined by the method of difference from the whole. It 
was found that BC-EA contained the highest amounts of carbon and hydrogen as well as the 
lowest amounts of sulphur and oxygen among the three bio-crude samples. However, the 






The CHNS elemental data was further used to calculate the (H/C) ratios (Eq. 3.1) for all the 
bio-crude and bio-residue samples. Table 4.2 summarizes the elemental composition, gross 
calorific values, (H/C) ratios and the ash content for all the samples. 
For the bio-crude samples, it was observed that BC-EA had the highest gross calorific value, 
while BC-PE had the lowest value for the same. However, the (H/C) ratios and ash content 
values for both samples were quite close to each other and more favourable than the values 
obtained for BC-THF. Preferably, a hydrocarbon fuel should have a high (H/C) ratio and a low 
ash content value. During combustion, a higher (H/C) value results in increased yield of 
hydrocarbon products and decreased formation of coke (Wang et al., 2015). The ash content of 
a fuel is an estimate of the amount of inorganic non-combustible matter present in it. In bio-
fuels, this inorganic matter may be present in the form of minerals of K, Mg, P, Ca, Fe, Al, Si, 
Ti and Mn. The presence of these minerals results in many operational and environmental 
problems during the combustion of bio-fuels, such as low combustion efficiency, increased 
agglomeration, slagging, fouling, corrosion, contamination of water and soil, and difficulty in 
waste disposal, among others (Vassilev et al., 2013). 
4.2.2 Moisture Content Analysis 
The presence of moisture in bio-crude is an undesirable property as it adversely affects the 
calorific value of bio-crude and the ease of further upgrading processes. As previously stated 
in sections 3.2 and 4.1, the HTL product mixture was heated in an oven at 100 °C for 24 hours 
to remove the excess water and free moisture from the material prior to the extraction process. 
However, the aforementioned drying method doesn’t ensure the removal of bound moisture 
which might still be present in the HTL product mixture after the heating process. Furthermore, 
there is a possibility that some amount of moisture might be introduced into the material during 
subsequent extraction steps. The presence of moisture in bio-crude results in unwanted 
oxidation reactions and bacterial growth that reduce the quality of bio-crude and create 
additional problems during upgrading. Therefore, moisture content analysis was carried out for 
the bio-crude samples to evaluate the extent of moisture removal and to verify if the final 
products have sufficiently low amounts of moisture. The moisture content in the bio-crude 
samples was determined by Karl-Fischer coulometric titration and the results were reported as 






amount of moisture (0.02 ± 0.002 wt. %) while BC-THF had the highest moisture percentage 
by weight (0.14 ± 0.001 wt. %). BC-PE contained an intermediate amount of moisture (0.05 ± 
0.004 wt. %) by comparison. However, all the values for moisture content were pretty low and 
this corroborated the efficacy of the extraction process. 
4.2.3 Boiling Point Distribution Analysis 
The boiling point distributions of the bio-crude samples have been compared in Fig. 4.1. The 
Sim-Dist data was calibrated using n-alkane standards and it was observed that all the samples 
contained a majority of C24 compound irrespective of the solvent used. 
However, there was distinct variation in the amounts of C24 n-alkanes present in each of the 
bio-crude samples. BC-PE contained the highest amount (67.6 wt. %) of C24 n-alkane while 
BC-THF had the lowest amount (52.7 wt. %) of the same. BC-EA consisted of 55.1 wt. % of 
C24 n-alkane which is an intermediate value. Thus, irrespective of variations, all the bio-crude 
samples contained a majority of n-alkanes in the heavy gas oil (HGO) fraction (Table 4.3). 
 






Table 4.2 Elemental composition, higher heating values (HHV), (H/C) ratios and ash content values for bio-crude and bio-residue samples. 







BC-EA 78.5 ± 1.3 10.4 ± 0.3 1.8 ± 0.1 0.1 ± 0.01 9.2 ± 1.5 46.0 ± 0.5   1.6 0.1 ± 0.01 
BC-THF 76.4 ± 0.1 9.4 ± 0.1 2.2 ± 0.1 0.2 ± 0.01 10.9 ± 0.1 44.3 ± 0.9   1.5 1.0 ± 0.06 
BC-PE 69.8 ± 1 9.6 ± 0.3 0.6 ± 0.1 0.7 ± 0.10 18.9 ± 0.7 39.6 ± 1   1.7 0.3 ± 0.01 
BR-EA 39.6 ± 0.2 4.8 ± 0.2 2.2 ± 0.1 0.4 ± 0.04 13.0 ± 0.4 17.6 ± 1.2   1.5 40.0 ± 0.87 
BR-THF 32.0 ± 0.5 4.0 ± 0.1 2.0 ± 0.1 0.3 ± 0.01 8.7 ± 0.5 12.5 ± 1.5   1.5 53.0 ± 1.05 
BR-PE 40.3 ± 0.6 4.6 ± 0.3 2.0 ± 0.1 0.3 ± 0.02 7.2 ± 1.0 15.3 ± 0.8   1.4 45.5 ± 0.62 














Further, it was also revealed that BC-EA did not contain any n-alkanes in the C7-C11 range. On 
the other hand, BC-THF comprised of a significant proportion of its n-alkanes in the given 
carbon range, while BC-PE had a much smaller fraction of n-alkanes in this range. 
Table 4.3 Boiling point distribution of bio-crude samples based on cut points for crude oil 
distillate fractions.   






BC-EA BC-THF BC-PE 
Heavy Naphtha 88-193 °C C7 – C10 0.0 12.4 2.5 
Kerosene 193-271 °C C11 – C15 2.7 5.6 2.7 
Light Gas Oil 271-321 °C C16 – C18 3.9 3.2 2.5 
Heavy Gas Oil 321-425 °C C19 – C27 61.8 58.9 70.2 
Light Vacuum Gas Oil 425-510 °C C28 – C37 17.8 10.8 13.3 
Heavy Vacuum Gas Oil 510-564 °C C38 – C47 3.7 1.9 2.5 
Vacuum Residue > 564 °C C48 – C60 10.1 7.2 6.3 
Fig. 4.2 clearly shows that among the three bio-crude samples, BC-THF had the highest 
percentage (21.2 wt. %) of low-boiling n-alkanes (BP < 321 °C) corresponding to heavy 
naphtha, kerosene and light gas oil (LGO) fractions, whereas BC-PE consisted of the greatest 
amount (86.0 wt. %) of mid-boiling n-alkanes (BP: 321-564 °C) which belong to heavy gas oil 
(HGO), light vacuum gas oil (LVGO) and heavy vacuum gas oil (HVGO) fractions. Similarly, 
BC-EA was found to contain the largest fraction (10.1 wt. %) of high-boiling n-alkanes (BP > 
564 °C) which are related to the vacuum residue fraction. Nonetheless, BC-EA was composed 
of around 68 wt. % (second only to 74.5 wt. % of BC-PE) of n-alkanes in the C13-C24 carbon 
range and more importantly, the highest amount (11.7 wt. %) of n-alkanes in the C15-C20 carbon 
range. As discussed in section 4.2.1, it was observed that BC-EA contained the least amount 
of oxygen among all the bio-crude samples. Thus, the properties mentioned in the current 
section along with the aforementioned observation suggest that BC-EA would be the most 
suitable candidate for bio-diesel applications (Bharti et al., 2014). Further, BC-EA contained 






be used for blending with heavy gas oil fraction of petroleum crude and subjected to co-
processing operations for fuel upgrading. Utilizing blends of bio-crude and petroleum crude in 
varying proportions would ensure a gradual introduction of renewables in transportation fuels 
without significantly disrupting the current petroleum industry and infrastructure.   
 
Fig. 4.2 Change in volume of bio-crude samples as a function of boiling point. 
4.2.4 FTIR Spectroscopic Analysis 
Table 4.4 summarizes the infrared frequency ranges corresponding to the peaks in the FTIR 
spectra for both bio-crude and bio-residue samples and the functional groups they are 
associated with (Yang et al., 2007, Reusch, 2013, Vardon et al., 2011, Li et al., 2016a, 
Domingues et al., 2017). It was observed that the FTIR spectra of the bio-crude samples (Fig. 
4.3) were almost identical to each other. Thus, from Table 4.4, it was found that all the bio-
crude samples most likely consisted of long-chain alkanes, aromatics, carboxylic acids and 






compounds and functional groups in bio-oil samples produced by pyrolysis of eucalyptus wood 
and mangaba seed, respectively. Additionally, Yang et al. (2014) and Gai et al. (2014) have 
shown the same to be also true for bio-crude fractions produced via hydrothermal liquefaction 
of Salix Psammophila and Chlorella Pyrenoidosa, respectively. Thus, both pyrolysis and HTL 
bio-crude fractions have largely identical classes of compounds and functional groups. 
However, the aforementioned bio-crude fractions might differ with respect to the type of 
specific compounds present and the relative abundance of each category of compounds and the 
compounds themselves. 
Table 4.4 Identification of functional groups present in extracted bio-crude and bio-residue 
samples. 
Wavenumber (cm-1) Assignment Functional Group 
3000-2850 cm-1 2922 cm-1 – CH2 asymmetrical stretch, 
2852 cm-1 – CH2 symmetrical stretch 
n-Alkanes 
1470-1450 cm-1 C-H scissoring or CH3 asymmetrical 
bending 
1390-1370 cm-1 C-H rock or CH3 symmetrical bending 
725-720 cm-1 C-H rock or CH2 symmetrical bending Long-chain alkanes (7 
or more carbon atoms) 
3100-3000 cm-1 C-H stretch Aromatics 
2000-1665 cm-1 Overtones 
1500-1400 cm-1 C-C in-ring stretch 




1320-1210 cm-1 C-O stretch 
1300-1000 cm-1 C-O stretch Esters 
1680-1600 cm-1 C=C stretch Alkenes 







Fig. 4.3 FTIR spectra for bio-crude samples extracted using EA, THF and PE.  
4.2.5 Chemical Composition by GC-MS Analysis 
From the GC-MS analysis, it was found that all the bio-crude samples predominantly consisted 
of fatty acid methyl esters (FAME), aromatics and carboxylic acids. This observation 
corroborated the data from FTIR spectroscopic analysis that was discussed earlier in section 
4.2.4. The chromatograms of all the bio-crude samples have been represented in Fig. 4.4. It 
was observed that the chromatograms in Fig. 4.4 are largely similar to one another and they are 
characteristic of the feedstocks used herein. The major peak in each of the three chromatograms 
was associated with the presence of 9-Octadecenoic acid (Z)-, methyl ester (FAME) molecules. 
Due to the presence of FAME molecules in significant proportions, the bio-crude samples can 
be effectively used for bio-diesel production upon undergoing suitable upgrading processes 
(Borges et al., 2011, Shang et al., 2012). Table 4.5 provides an exhaustive list of all the 
compounds that were identified in the bio-crude samples via GC-MS analysis. Each of the 







Fig. 4.4 Gas chromatograms of bio-crude samples extracted using EA, THF and PE. 
4.2.6 13C NMR Spectroscopic Analysis 
The 13C NMR spectra of the three different bio-crude samples are shown in Fig. 4.5 and their 
respective chemical components on quantitative percentage basis (based on integration) are 
reported in Table 4.6. Table 4.6 provides the detailed carbon content within a specified 
chemical shift range, thus rendering selective information on types of chemical functional 
groups that are present in the specified range and their relative quantities.  
The 13C NMR spectra obtained by extraction of bio-crude with three different solvents was 
divided into four major regions (as shown in Table 4.6) based on the chemical shifts of 
respective carbon types. The peak identification and assignments of the 13C NMR spectra were 
established by the works of Joseph et al. (2010) and Ingram et al. (2008) which offer the 
identification of types of chemical functional groups present in bio-crude samples. The 
prominent spectral region of 6-55 ppm represented aliphatic (primary: 6-24 ppm, secondary 






Table 4.5 Volatile compounds identified in bio-crude samples via GC-MS analysis.  
Retention 
Time (min) 




Area (%) Molecular Structure 
BC-EA BC-THF BC-PE 
 
27.14 n-Hexadecanoic acid  C16H32O2 4.40 2.58 3.66 
 
27.24 Pentadecanoic acid C15H30O2 0.57 0.53 1.52 
 
27.36 Octanoic acid, ethyl ester C10H20O2 0.52 0.53 0.52 
 
29.10 
9-Octadecenoic acid (Z)-, 
methyl ester 
C19H36O2 53.27 49.85 55.48 
 





















C6H3Cl3N2O2 1.17 0.57 0.80 
 







36.17 Cholesterol C27H46O 0.39 0.43 0.41 
 
40.60 Dehydrocholic acid  C24H34O5 0.10 0.36 0.31 
 
44.04 Digitoxin C41H64O13 1.72 1.35 4.82 
 







Fig. 4.5 13C NMR spectra of bio-crude samples extracted using EA, THF and PE. 
The higher mass percentage (78.75-88.38 wt. %) of the aliphatic compounds represented higher 
amounts of heavy oil and the presence of higher oxygen containing compounds. Boateng et al. 
(2008) and Ingram et al. (2008) reported that aliphatic carbon atoms contribute significantly to 
the energy content (higher heating value - HHV) which is of primary interest when bio-oil is 
used for fuel applications. 
The next important portion of the 13C NMR spectrum was 120-145 ppm which represented the 
carbon atoms attached to the protons of aromatic –CH and indicated the presence of medium 
weight oil (11.53-18.16 wt. %). Further, the spectral region from 170-180 ppm was attributed 
to carboxylic acids which were present in less quantities in both BC-PE (0.08 wt. %) and BC-
EA (1.57 wt. %) samples. On the other hand, there were no detectable carboxylic acids present 
in the BC-THF sample. The spectral region of 205-225 ppm was assigned to the esters and 






and BC-EA (0.71 wt. %). However, no peaks were detected corresponding to these compounds 
in the BC-PE sample. There were also no ether and phenolic compounds present in any of the 
bio-crude samples analysed in the present study and these results are in coherence with the 
FTIR and GC-MS results reported in previous sections 4.2.4 and 4.2.5. These results are 
consistent with the earlier reports by Lin et al. (2015) and Torri et al. (2016). 
Table 4.6 Quantitative percentages of various functional groups present in the bio-crude 
samples based on 13C NMR spectra. 
 
Sample 









BC-THF 78.75 18.16 BD 3.07 
BC-PE 88.38 11.53 0.08 BD 
BC-EA 82.99 14.71 1.57 0.71 
   *BD: Below Detection 
In all the bio-crude samples, aliphatic carbons were found to be the major fraction followed by 
aromatic carbons. Carboxylic acids and esters were found to be the predominant oxygen-
containing compounds present in these bio-crude samples. Therefore, the extracted bio-crude 
samples need to undergo a suitable hydrotreatment process in order to reduce the oxygen 
content and enhance the heating value for subsequent application as liquid transportation fuels. 
4.2.7 Oxidation Stability Analysis 
In the current study, the Rancimat method was carried out for all the bio-crude samples at three 
different temperatures: 100 °C, 110 °C and 120 °C. The oxidation stability at each of these 
temperatures was measured in terms of induction period (IP) and a graph between the natural 
logarithm of induction period was plotted against the temperatures used for stability study (Fig. 
4.6). Using the plots in Fig. 4.6, the oxidation stability for each of the bio-crude samples was 
forecasted at room temperature, i.e., at 25 °C. The induction periods at both 110 °C and 25 °C 







Fig. 4.6 Correlation between the natural logarithm of the induction period (IP) for bio-crude 
samples and the temperature used for stability study. 
From the tabulated induction periods, it was observed that BC-EA exhibited the highest 
oxidation stability at room temperature (25 °C) even though BC-THF had a slightly higher 
stability than BC-EA at 110 °C. On the other hand, BC-PE exhibited the lowest oxidation 
stability at both the temperatures (110 °C and 25 °C). 
Table 4.7 Oxidation stability of bio-crude samples at 110 °C and the forecasted stability 
at room temperature (25 °C). 
Sample 
Induction Period (IP) 
At 110 °C At 25 °C 
BC-EA 176.9 ± 3.2 h (7.4 ± 0.1 days) 2075.6 h (86.5 days) 
BC-THF 181.5 ± 2.8 h (7.6 ± 0.1 days) 913.3 h (38.1 days) 








4.3 Characterization of Extracted Bio-residue 
4.3.1 CHNS Elemental Analysis and Ash Content Analysis 
Among the bio-residue samples, BR-EA and BR-PE contained similar amounts of all the five 
elements (Table 4.2). However, BR-THF contained lower amounts of carbon and hydrogen 
than both BR-EA and BR-PE samples. The amounts of oxygen in the bio-residue samples 
followed the exact opposite trend to what was observed for the bio-crude samples. The amounts 
of sulphur and nitrogen in BR-THF were comparable to those of other two samples.  
Furthermore, BR-THF had the lowest gross calorific value and the highest ash content. On the 
other hand, the gross calorific values for BR-EA and BR-PE were quite similar to each other 
with BR-EA having the lower ash content between the two. It was also observed that the 
amounts of carbon, hydrogen, nitrogen and sulphur in all the bio-residue samples were quite 
comparable to those in the wheat flour feedstock. Moreover, the gross calorific values for all 
the bio-residue samples and the wheat flour feedstock were quite close to each other. Therefore, 
the bio-residue samples could be further subjected to another stage of HTL processing to 
possibly recover more bio-crude. 
4.3.2 FTIR Spectroscopic Analysis 
It was observed that the FTIR spectra of the bio-residue samples (Fig. 4.7) were also quite 
similar to each other and that all the bio-residue samples most likely consisted of alkanes, 
alkenes, esters and carboxylic acids. Lu et al. (2012), Lee et al. (2010), Suguihiro et al. (2013) 
and Zhao et al. (2017) had previously reported the presence of similar functional groups and 
compounds in bio-char samples produced from sewage sludge, corn stover, castor oil cake and 
apple tree branch, respectively. For both bio-crude and bio-residue samples, esters and 
carboxylic acids were the only oxygen-containing functional groups that were identified via 
FTIR spectroscopic analysis. 
4.3.3 Solid-state 13C CP/TOSS NMR Spectroscopic Analysis 
The solid state 13C CP/TOSS NMR spectroscopic analysis was employed to identify the carbon 
functionality and aromaticity of the bio-residue fractions. Previous studies have reported that 
the chemical structure of bio-residue depends upon the thermochemical process rather than the 
process temperature, heating rate, or the nature of the biomass (Bardet et al., 2007). The 13C 
CP/TOSS NMR spectra of bio-residue samples obtained using different solvents are shown in 







Fig. 4.7 FTIR spectra for bio-residue samples obtained using EA, THF and PE. 
In the spectral plots, the range of 0-45 ppm belonged to non-polar alkyl groups such as CCH3 
(14.4 ppm), CCHC and CCH2C (29.5 ppm). The spectral region for N-alkyl carbons and 
methoxyl carbons overlays the 46-65 ppm region. The shoulder around 55 ppm was mainly 
attributed to the NCH group of peptides or proteins; likewise, the peaks found within the range 
of 65-101 ppm were assigned to carbohydrates. Further, the band observed in the 110-165 ppm 
range was attributed to aromatic C-O groups which mostly originated from lignin. The band 
present in the 166-183 ppm range was ascribed to carboxylic acids (-COO-) or 
peptides/proteins (Cao et al., 2011). Based on detailed analysis of all the solid-sate 13C 
CP/TOSS NMR spectra, non-polar alkyl (46.85-53.96 wt. %) and aromatic C-O (39.76-46.10 
wt. %) groups were found to be the major components in all the bio-residue samples along with 
the presence of small amounts of methoxyl and N-alkyl carbons (3.45-5.49 wt. %), and 
peptides/proteins and carboxylic acids (0.86-2.07 wt. %). Regmi et al. (2012) also reported 







Fig. 4.8 13C CP/TOSS spectra for (a) BR-THF; (b) BR-PE and (c) BR-EA. 
The quantitative percentages of different compounds present in the bio residues based on 13C 
CP/TOSS spectra are compiled in Table 4.8. 
Table 4.8 Quantitative percentages of various functional groups present in the bio-residue 
samples based on 13C CP/TOSS.  
 
Sample 
Functional group/compound (wt. %) 
Non-polar 
alkyl 
0 – 45 ppm 
N-alkyl, 
methoxyl 
46 – 65 ppm 
Aromatic C 
110 – 165 ppm 
Peptides/proteins 
or carboxylic acids 
166 – 183 ppm 
BR-THF 49.57 3.45 46.1 0.86 
BR-PE 53.96 4.46 39.76 1.8 
BR-EA 46.85 5.49 45.57 2.07 
Owing to the presence of higher aromatic and non-polar alkyl groups, these bio-residue 






(Manya, 2012). Further, addition of bio-residue to soils enhances certain soil properties such 
as the structure, pore size distribution, texture and bulk density, aeration, soil workability, water 
holding capacity and cation exchange capacity due to negative surface charges, all of which 
aid in plant growth (Manya, 2012). 
4.3.4 Particle Size Distribution Analysis           
The distribution of particles in BR-EA, BR-THF and BR-PE across different diameter ranges 
have been presented in Table 4.9. 




BR-EA BR-THF BR-PE 
4-100 35.7 54.7 23.9 
100-600 44.1 39.2 37.5 
600-1900 20.2* 6.1** 38.6 
         *No particles above 1400 μm. 
         **No particles above 1200 μm. 
BR-THF had the maximum number of particles in the 4-100 μm diameter range, while BR-PE 
had the maximum number of particles in the 600-1900 μm diameter range. These represented 
the extremities of the particle size spectrum: BR-THF had no particles which had sizes above 
1200 μm, while BR-PE had particles which had sizes up to 1900 μm. In comparison, BR-EA 
had the maximum number of particles in the 100-600 μm diameter range. Further, there were 
no particles which had sizes above 1400 μm. In BR-EA, the particles in the 550-750 μm 
diameter range had the highest volume percentages which was characterized by the higher peak 
in the particle size distribution plot (Fig. 4.9). Similar conclusions were also drawn for the other 
two bio-residue samples: in BR-THF, the particles in the 50-150 μm diameter range and in BR-
PE, the particles in the 700-900 μm diameter range had the highest volume percentages. These 
were characterised by the highest peaks in the respective particle size distribution plots (Fig. 
4.9). In summary, the average particle sizes of the three bio-residue samples follow the order: 
BR-PE > BR-EA > BR-THF. As discussed in section 4.1, THF-assisted extraction had the 






assisted extraction. This could mean that the amount of unrecovered bio-crude present in each 
of the bio-residue samples follows the order: BR-PE > BR-EA > BR-THF. The presence of 
bio-crude might cause the particles in the bio-residue samples to agglomerate and form larger 
units. Further, the degree of agglomeration would depend on the amount of unrecovered bio-
crude present in each of bio-residue samples; higher amount of bio-crude would result in a 
higher degree of agglomeration and larger average particle size, and vice-versa. This could 
explain why the average particle sizes of the three bio-residue samples follow the aforesaid 
order.  
 
Fig. 4.9 Particle size distribution plot for bio-residue samples obtained using EA, THF and PE. 
  4.3.5 Textural Properties by Brunauer-Emmett-Teller (BET) and Barret-Joyner-Halenda 
(BJH) Analysis 
From the surface area and porosity analysis (Table 4.10), it was observed that BR-PE had the 
lowest BET surface area and the highest average pore volume and pore size. The low surface 
area of BR-PE may be explained by the fact that it also happened to have the highest average 






similar behaviours were not observed for the other two bio-residue samples: BR-EA was found 
to have the highest BET surface area, whereas the surface area for BR-THF was an intermediate 
value even though BR-THF had the lowest average particle size. The average pore sizes for 
these two bio-residue samples were almost same (~ 7 nm) but BR-EA had a higher average 
pore volume (0.37 ± 0.03 cm3/g) than that of BR-THF (0.29 ± 0.02 cm3/g). As discussed in 
section 4.3.4, the amount of unrecovered bio-crude present in each of the bio-residue samples 
might follow the order: BR-PE > BR-EA > BR-THF. Containing higher amounts of bio-crude 
traces could be related to having higher average pore volumes and thus, it might provide an 
explanation as to why the average pore volumes for the bio-residue samples also follow the 
order: BR-PE > BR-EA > BR-THF. Furthermore, as BR-EA exhibited a higher average pore 
volume than BR-THF, it could explain why BR-EA, instead of BR-THF, was found to have 
the highest BET surface area. However, this explanation doesn’t stand true for BR-PE which 
had the lowest BET surface area in spite of having the highest average pore volume. It is quite 
likely that for BR-PE, the increase in average particle size had more than offset the influence 
of increase in the average pore volume, thus resulting in a reduced BET surface area. 
Table 4.10 Surface area and porosity analysis for bio-residue samples obtained using EA, THF 
and PE.  






BR-EA 249 ± 3 0.37 ± 0.03 7.0 ± 0.2 
BR-THF 232 ± 6 0.29 ± 0.02 6.9 ± 0.1 
BR-PE 190 ± 4 0.44 ± 0.04 8.5 ± 0.2 
 
4.3.6 Thermogravimetric Analysis (TGA) 
Fig. 4.10 represents the loss in weight of all the bio-residue samples when subjected to 
thermogravimetric analysis (TGA) over a temperature range of ~ 30-800 °C. It was observed 
that all the bio-residue fractions had almost identical onset temperatures (~ 185 °C). It was also 
found that BR-EA exhibited the lowest percentage of weight loss (29.03%), whereas BR-PE 
underwent the highest percentage of weight loss (43.62%). The weight loss observed for BR-






degrade and lose mass have been provided in Table 4.11. Thus, BR-EA was found to be the 
most stable bio-residue fraction over the temperature range studied (especially at higher 
temperatures), whereas BR-PE was the least stable fraction. Consequently, BR-EA would be 
the most preferred choice for high-temperature catalytic and adsorptive processes. 




BR-EA BR-THF BR-PE 
10 330.5 382.3 313.2 
15 399.2 452.2 379.8 
20 448.3 514.1 441.3 
25 537.1 577.1 497.9 
30 --- 656.5 552.2 
35 --- 784.6 612.8 
40 --- --- 697.5 
 
The rate of weight loss was also plotted for each of the bio-residue samples and the results were 
represented as derivative thermogravimetric (DTG) curves as shown in Fig. 4.11. From the 
DTG curves, it was observed that the rates of weight loss for all the bio-residue samples were 
quite similar up to 125 °C. The loss in weight from room temperature till 125 °C can be 
attributed to the evaporation of water/moisture and some low-boiling compounds. It was also 
observed that for all three bio-residue samples, a sharp peak appeared at around 225 °C which 
is attributed to the loss of n-alkanes corresponding to heavy naphtha and kerosene fractions. 
However, the intensity of this peak varies considerably and follows the order: BR-PE (0.77 wt. 
%/min) > BR-EA (0.61 wt. %/min) > BR-THF (0.38 wt. %/min). This observation strongly 
supports a remark that was made earlier in section 4.3.4 suggesting that the amount of 







Fig. 4.10 TGA curves depicting weight loss for bio-residue samples with increasing 
temperature. 
 






One more distinct peak was observed at higher temperatures for each of the bio-residue samples 
which is attributed to the loss of n-alkanes corresponding to gas oil and vacuum gas oil 
fractions. For all the bio-residue samples, the loss of weight in the temperature ranges of 120-
270 °C (5.17%) and 270-380 °C (6.95%) can also be attributed to the decomposition of hemi-
cellulosic carbohydrates and cellulosic polysaccharides, respectively (Wei et al., 2015). Lignin 
is, however, known to decompose rather slowly over the entire (almost) temperature range of 
thermogravimetric analysis and hence, a fraction of the weight loss in the temperature range of 
100-800 °C can be attributed to the degradation of lignin (Yang et al., 2007). This further 
implies that the loss of weight observed above 550 °C is predominantly due to lignin 
degradation.    
4.3.7 X-ray Diffraction (XRD) Analysis 
The XRD patterns for all the bio-residue samples were quite similar to each other, as shown in 
Fig. 4.12. All the bio-residue samples exhibited their characteristic peaks at similar values of 
2θ. However, the intensity of the respective peaks varied noticeably depending on the solvent 
used for extraction. For BR-EA, the most intense peak was observed at 2θ = 27.91° 
corresponding to the calcium mica (calcium aluminium silicate; Al3Ca0.5Si3O11) phase. The 
dominant calcium mica phase belonged to monoclinic lattice system. The next major phase in 
BR-EA was found to be quartz (SiO2) and it was represented by the peak observed at 2θ = 
26.71°. The quartz phase belonged to hexagonal lattice system. In both BR-THF and BR-PE, 
the most intense peak was observed around a 2θ value of 21.84° which represented the presence 
of α-cristobalite phase. This cristobalite phase had the same chemical formula as quartz (SiO2) 
but belonged to tetragonal lattice system. Trubetskaya et al. (2016) have also reported the 
presence of cristobalite phase in their study on bio-char samples produced by fast pyrolysis of 
wheat straw and rice husk. The next major phase in BR-PE was again found to be quartz, while 
calcium mica was the next dominant phase found in BR-THF. Quartz was also identified as a 
major phase in BR-THF along with the aforementioned phases. Due to the presence of α-
cristobalite and quartz, the bio-residue fractions could be used for road construction, sanding 
roads during winter, manufacturing glass fibres and ceramics, and also as abrasives and cement 
additives (Government of Canada, 2013). One particular peak observed at 2θ = 49.78° was 






peak was associated with the presence of magnesium sulphide (MgS) phase which belonged to 
the cubic lattice system. 
 
Fig. 4.12 XRD patterns depicting lattice parameters of identified phases for bio-residue 
samples. 
Apart from these phases, magnetite (Fe3O4; 2θ = 19.84°) and sylvite (KCl; 2θ = 34.82°) were 
two other phases that were identified in all the bio-residue samples. These phases belonged to 
orthorhombic and cubic lattice systems, respectively and are known to have many industrial 
applications. Sylvite is predominantly used for producing potassium-rich fertilizers known as 
Potash (Canpotex, 2019). Magnetite-based catalysts are used for the industrial synthesis of 
ammonia (Appl, 2011). Owing to their impressive adsorptive properties, magnetite 
nanoparticles are used for the removal of colloidal particles from drinking water (Blaney, 
2007). In addition, magnetite is known to catalyse the decomposition of hydrogen peroxide 
into hydroxyl free radicals which helps in the consequent degradation of organic pollutants 
such as p-nitrophenol (He et al., 2015). Thus, the bio-residue samples could be used for any of 






also reported the presence of quartz and sylvite phases in bio-char samples produced by 
pyrolysis of coffee husk and pine bark. Further, Clemente et al. (2018) had reported the 
presence of magnetite, quartz and sylvite phases in their study involving 13 different bio-char 
samples produced from poultry litter, switchgrass and different types of wood. 
4.4 Conclusions 
The extraction carried out using ethyl acetate had the most ideal balance between a high bio-
crude yield and an easy-to-handle final product. The bio-crude thus obtained had the lowest 
moisture content, highest gross calorific value, lowest ash content, lowest oxygen content, 
highest oxidation stability at room temperature and a significantly high percentage of 
compounds in the C13-C24 carbon range. All these factors suggest that the bio-crude extracted 
using ethyl acetate would be the most suitable candidate for further upgrading processes and 
bio-diesel applications. Catalytic hydrodeoxygenation would be the most preferred upgrading 
process for this bio-crude because oxygen was the major heteroatom impurity that was found 
in the sample.   
The oxygen in the bio-crude and bio-residue fractions was present mostly in the form of 
carboxylic acids and esters. It was also observed that traces of bio-crude were present in each 
of the bio-residue samples, thus suggesting that the extraction process employed in the current 
study could not recover 100% of bio-crude present in the hydrothermal liquefaction product 
mixture. Owing to its high surface area, mesoporosity and high pore volume, the bio-residue 
obtained using ethyl acetate had more favourable textural properties than the bio-residue 
fractions obtained using tetrahydrofuran and petroleum ether. Therefore, it can be developed 
further for use in catalytic applications or as bio-adsorbents. The bio-residue samples, 
especially the one obtained using ethyl acetate, can also be used as solid bio-fuels for domestic 
use.   
In Chapter 5, the bio-crude extracted using ethyl acetate will be used for blending with 
hydrotreated heavy gas oil (HHGO) and the prepared bio-crude blend will be subjected to 
catalytic hydrodeoxygenation in an attempt to upgrade its properties. Additionally, the bio-
residue obtained using ethyl acetate will be used as one (labelled as BR) of the carbon supports 







5. CATALYTIC HYDRODEOXYGENATION OF BIO-CRUDE AND 
HEAVY GAS OIL BLENDS USING CARBON-SUPPORTED 
MOLYBDENUM CATALYSTS 
 
5.1 Screening of Synthesized Catalysts and Comparative Study with 
Commercial Hydrotreating Catalysts 
5.1.1 Screening of Synthesized Catalysts for Hydrodeoxygenation of Bio-crude Blends 
The experiments in the present study were performed in triplicates and the data were reported 
as the arithmetic mean of all individual results. The standard deviations for such data have also 
been provided, wherever applicable. The CHNS analysis of bio-crude blends before and after 
hydrodeoxygenation using each of the three synthesized catalysts has been provided in Table 
5.1. The post-hydrodeoxygenation blends were labelled as Blend_Mo/MWCNT, 
Blend_Mo/AC and Blend_Mo/BR. It was observed that the (H/C) ratios for all the 
hydrodeoxygenated blends were greater than that of the untreated blend. All the post-HDO 
blends exhibited significant decreases in the amounts of sulphur and oxygen. However, the 
reduction in nitrogen content was negligible for all the hydrodeoxygenated blends. 
Table 5.1 CHNS analysis for bio-crude blends hydrotreated with prepared Mo/MWCNT, 
Mo/AC and Mo/BR catalysts (Temp: 300 °C, Pressure: 5 MPa, Catalyst Loading: 3% w/w, 
Time: 3 h). 























1.93 ±    
0.08 
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0.10 











1.25 ±    
0.11 
49.2 ± 3.0 
* Calculated by difference 
The oxygen reduction percentages observed for Blend_Mo/MWCNT and Blend_Mo/AC were 
quite close to each other and in the range of 20-24%. On the other hand, the oxygen reduction 






post-HDO blends. In addition, the percentage of sulphur reduction was the highest for the 
aforementioned blend. Based on the screening studies, Mo/BR was identified as the best 
catalyst for carrying out hydrodeoxygenation of the prepared bio-crude blend as the catalyst 
resulted in the highest percentage of oxygen reduction among the three synthesized catalysts. 
The higher oxygen reduction percentage observed for Mo/BR could be possibly accredited to 
more favourable textural properties of the catalyst and a higher concentration of Mo2C phase 
on the surface of the said catalyst. To check the validity of the aforementioned hypotheses, all 
the synthesized catalysts were characterized in detail and analyses of the results thereof are 
discussed in Section 5.2.       
5.1.2 Comparative Study of Best-performing Synthesized Catalyst with Commercial 
Hydrotreating Catalysts 
Commercial CoMo/γ-Al2O3 and NiMo/γ-Al2O3 catalysts were used for hydrodeoxygenation of 
the prepared bio-crude blend at the screening conditions and their resultant oxygen reduction 
percentages were compared to that of the best-performing synthesized catalyst (Mo/BR). Table 
5.2 shows that both the commercial hydrotreating catalysts yielded better nitrogen reductions 
than the Mo/BR catalyst. The amount of sulphur reduction was identical for CoMo/γ-Al2O3 
and Mo/BR catalysts, whereas the NiMo/γ-Al2O3 catalyst exhibited a slightly better sulphur 
reduction than the previous two. 
Table 5.2 CHNS analysis for bio-crude blends hydrotreated with commercial catalysts and 
prepared Mo/BR catalyst (Temp: 300 °C, Pressure: 5 MPa, Catalyst Loading: 3% w/w, Time: 
3 h). 



















































49.2 ± 3.0 






However, the synthesized Mo/BR catalyst exhibited a much better oxygen reduction 
percentage than both the commercial catalysts. Furthermore, unlike Blend_Mo/BR, no 
improvement was observed in the (H/C) ratios of both Blend_CoMo/γ-Al2O3 and 
Blend_NiMo/γ-Al2O3. Thus, the synthesized Mo/BR catalyst proved to be more favourable 
than the commercial catalysts for hydrodeoxygenation of the prepared bio-crude blend. As 
discussed in Section 2.3.6, the commercial sulphided catalysts are prone to rapid deactivation 
due to sulphur leaching which changes the micro-structure of the active sites (Li et al., 2018). 
Furthermore, the thermal stability of γ-Al2O3 support worsens due to the high moisture content 
of bio-crude and in the presence of water that is formed during the HDO process. This results 
in high coke deposition rates which reduce the surface area and pore volume of the 
aforementioned support. On the other hand, carbon-based supports, such as bio-residue, are 
hydrophobic in nature and have better tolerance towards moisture. As a result, they have better 
thermal stability and lower deactivation rates than γ-Al2O3 support (Wang et al., 2016, Patel 
and Kumar, 2016). Moreover, unlike the sulphide phases, the Mo2C phase present in Mo/BR 
catalyst is highly oxophilic in nature which improves the selectivity for oxygen reduction 
(Wang et al., 2016, Lee et al., 2014). The aforementioned factors could provide a possible 
explanation as to why the bio-residue based molybdenum catalyst resulted in a higher oxygen 
reduction percentage than the commercial hydrotreating catalysts.       
5.2 Characterization of Synthesized Catalysts 
5.2.1 N2 Physisorption and CO Chemisorption Analysis 
The surface area and porosity analysis for the support materials and synthesized catalysts were 
carried out via N2 physisorption and the results have been tabulated in Table 5.3. The Mo/AC 
catalyst had the highest BET surface area but the lowest average pore size. On the other hand, 
Mo/MWCNT had a much lower surface area but the highest average pore volume and pore 
size. Mo/BR catalyst had the lowest surface area and average pore volume among the 
synthesized catalysts. However, the average pore size for Mo/BR was an intermediate value 
which might be crucial in explaining the catalyst’s superior oxygen reduction percentage 
compared to the other two catalysts. A lower average pore size, as observed in Mo/AC, can 
make it difficult for bio-crude oxygenates to enter the pores on catalyst surface and take part 






trap the oxygenates long enough for HDO to take place and thus, it might provide an 
explanation as to why Mo/MWCNT exhibits a lower percentage of oxygen reduction than 
Mo/BR. 


















MWCNT 231 ± 4 1.08 ± 0.04 16.4 ± 0.3 - - 
Mo/MWCNT 202 ± 6 0.93 ± 0.05 16.2 ± 0.2 0.2 0.11 
AC 1127 ± 5 0.67 ± 0.03 7.0 ± 0.2 - - 
Mo/AC 1253 ± 8 0.75 ± 0.02 6.8 ± 0.1 3.2 1.92 
BR 249 ± 3 0.37 ± 0.03 7.0 ± 0.2 - - 
Mo/BR 118 ± 2 0.27 ± 0.02 9.7 ± 0.3 2.4 1.42 
The pore size distributions for the synthesized catalysts have been represented in Fig. 5.1. It 
was observed that all the carbon-supported catalyst samples had bimodal pore size distributions 
which is typical for porous carbonaceous materials. The bimodal shape of the curves can be 
attributed to the presence of micropores in the synthesized catalysts. Monomodal pore size 
distributions are observed only if the material is strictly microporous in nature (Gauden et al., 
2007). 
Fig. 5.2 shows the N2 adsorption-desorption isotherms for the synthesized catalysts. All the 
samples exhibited type IV isotherms which suggest monolayer-multilayer adsorption and 
capillary condensation taking place in mesopores. The isotherms for Mo/AC and Mo/BR 
catalysts had type H4 hysteresis loops which indicate the presence of narrow slit-shaped pores. 
On the other hand, the isotherm for Mo/MWCNT catalyst had a type H3 hysteresis loop which 
is generally associated with the presence of non-rigid aggregates of plate-like particles forming 







Fig. 5.1 Pore size distribution for prepared catalyst samples. 
 






The molybdenum dispersion over the catalyst samples was determined via CO chemisorption. 
Mo/AC and Mo/BR exhibited high molybdenum dispersion percentages and metallic surface 
areas, whereas the values observed for Mo/MWCNT were much lower. This could explain why 
Mo/MWCNT had the lowest oxygen reduction percentage among the three synthesized 
catalysts. 
5.2.2 Thermogravimetric Analysis (TGA) 
Among the three catalysts, Mo/MWCNT underwent the highest percentage of weight loss 
(17.7%), whereas Mo/BR exhibited the lowest percentage of weight loss (3.94%). The weight 
loss observed for Mo/AC was an intermediate value of 4.94%. The weight loss patterns for 
Mo/BR and Mo/AC were quite similar to each other (Fig. 5.3). Thus, Mo/BR was found to be 
the most stable catalyst over the temperature range studied. 
 
Fig. 5.3 TGA curves depicting weight loss for catalyst samples with increasing temperature. 
Interestingly, all the catalyst samples exhibited weight gains between 400 °C and 500 °C (Figs. 
5.3 and 5.4). The observed weight gains are lower than 1% and are within the acceptable 
measurement error range for the TGA instrument. The increase in weight observed for the 
catalysts can be attributed to the partial oxidation of samples. This can happen if the N2 used 






can be the formation of metal nitrides under the given conditions but this hypothesis needs to 
be properly justified by XRD analysis of the residue left behind after TGA to check for the 
presence of nitride phases. However, this is beyond the scope of the current study and therefore, 
is not discussed any further. 
 
Fig. 5.4 DTG curves depicting the rate of weight loss for catalyst samples. 
5.2.3 X-ray Diffraction (XRD) Analysis 
The desired β-Mo2C phase was detected in the XRD spectra of all the catalyst samples (Fig. 
5.5). The phase belonged to hexagonal lattice system and its identification validated the 
selection of the synthesis procedure. In Mo/MWCNT, α-Mo2C phase was also found and 
ascribed to the peak at 43.52° (Ren et al., 2013). In addition, SiO2 and MoO2 phases were 
identified in the catalyst sample and corresponded to the peak at 26.08°. The SiO2 and MoO2 
phases belonged to hexagonal and monoclinic lattice systems, respectively. 
In Mo/AC, Mo phase (cubic lattice system) was identified instead of MoO2 and was attributed 
to the peaks found at 40.38°, 58.48°, 73.48° and 87.43°. MoO2 phase was again detected in 






present in Mo/AC and Mo/BR catalysts but it existed as a polymorph – quartz (hexagonal 
lattice system) – in the latter. In addition, calcium aluminum silicate (calcium mica) phase was 
identified in the Mo/BR catalyst and was ascribed to the peak at 27.71°. The calcium mica 
phase (monoclinic lattice system) belongs to a family of minerals known as zeolites and its 
presence in Mo/BR could further explain the high oxygen reduction observed for the said 
catalyst (Gamliel et al., 2018, Luo et al., 2019).  
 
Fig. 5.5 XRD patterns for the synthesized catalyst samples (●: β-Mo2C, ■: MoO2, ▲: SiO2, ▼: 
Quartz, ♦: Mo). 
5.2.4 Ammonia Temperature Programmed Desorption (NH3-TPD) Analysis 
The acidity of catalyst samples was determined by using a basic molecule such as ammonia 
(NH3). Ammonia adsorbs strongly on acidic sites and their strength depends on the desorption 
temperature. The acidic sites are classified as weakly acidic (<200 °C), moderately acidic (200-
350 °C) and strongly acidic (>350 °C) (Badoga, 2015). All the catalyst samples exhibited 
dominant desorption peaks above 650 °C which is characteristic of very strong acid sites. 






while Mo/MWCNT had the lowest number of acid sites (Fig. 5.6). The amount of acid sites in 
Mo/AC was intermediate. The high concentration of acidic sites in Mo/BR catalyst could be 
attributed to the presence of calcium mica which is a zeolitic phase. The zeolitic phase is known 
to provide Bronsted acidity which promotes the dehydration step during hydrodeoxygenation. 
In addition, the C–O cleavage during hydrodeoxygenation is known to occur on such acid sites 
(Luo et al., 2019, Kumar et al., 2018). Therefore, among the three synthesized catalysts, the 
Mo/BR catalyst is likely to promote hydrodeoxygenation to the highest degree and result in the 
highest oxygen reduction percentage. This explanation is in agreement with the oxygen 
reduction percentages observed for the three catalysts (please see Table 5.1 for reference). 
Hence, the superior oxygen reduction percentage observed for Mo/BR catalyst could be 
attributed to the presence of higher concentration of strong acidic sites (Luo et al., 2019, Kumar 
et al., 2018, Moreira et al., 2018, He and Wang, 2012).   
 
Fig. 5.6 NH3-TPD curves for the synthesized catalyst samples. 
5.2.5 X-ray Photoelectron Spectroscopic (XPS) Analysis  
The C 1s peak at 285.0 eV was used as the reference for correcting the spectra of the catalyst 
samples and to account for charging effects (Wang et al., 2016). The XPS spectra were 






and Lorentzian Asymmetric (LA) Lineshape functions were used to deconvolute the Mo 3d 
peaks in the XPS spectra (Figs. 5.7, 5.8 and 5.9). The Mo 3d spectrum for each catalyst was 
fitted by Mo0 at 227.8 eV, Mo2+ at 229.0 eV, Mo3+ at 229.9 eV, Mo4+ at 231.8 eV, Mo5+ at 
233.1 eV and Mo6+ at 233.9 eV. Each oxidation state of molybdenum consists of two peaks 
resulting from spin-orbit (j-j) coupling: Mo 3d5/2 and Mo 3d3/2. The Mo 3d5/2 and Mo 3d3/2 
peaks have an area ratio of 3:2 and are separated by ~ 3.1 eV (Wang et al., 2016, Li et al., 
2004).  
Mo/MWCNT and Mo/AC catalysts were found to have carbon, oxygen, silicon and 
molybdenum on their surfaces with the amount of molybdenum being 0.15 at. % and 0.30 at. 
%, respectively (Table 5.4). In contrast, Mo/BR catalyst had a much higher amount of 
molybdenum on its surface (1.56 at. %). Additionally, calcium and aluminium were detected 
on the surface of Mo/BR catalyst which corroborated the identification of calcium mica phase 
by XRD analysis. 
 







Fig. 5.8 Mo 3d XPS narrow scan spectrum deconvolution of Mo/MWCNT catalyst. 
 






Table 5.4 Surface elemental composition of prepared catalyst samples from XPS wide scan 
spectra. 
Catalyst 
Elemental Composition (at. %) 
C O Si Mo Al Ca 
Mo/MWCNT 93.00 6.59 0.26 0.15 - - 
Mo/AC 84.13 14.60 0.97 0.30 - - 
Mo/BR 21.70 53.11 20.44 1.56 3.03 0.17 
Mo 3d spectrum deconvolution yields the concentration of different oxidation states of 
molybdenum present in the synthesized catalysts (Table 5.5). The β-Mo2C phase corresponds 
to the Mo2+ oxidation state of molybdenum and it was observed that the net amount of surface 
Mo2+ species was the highest for Mo/BR catalyst. As a result, it could be inferred that Mo/BR 
had the highest concentration of β-Mo2C on its surface which in turn would explain the superior 
oxygen reduction percentage observed for the said catalyst. 
Table 5.5 Distribution of chemical states of Molybdenum from Mo 3d XPS analysis of prepared 
catalyst samples.  
Catalyst 
Concentration (at. %) 
Mo0 Mo2+ Mo3+ Mo4+ Mo5+ Mo6+ 
Mo/MWCNT 0 44.35 23.21 8.36 12.72 11.36 
Mo/AC 8.24 37.88 21.69 5.65 13.65 12.89 








5.3 Parametric Study for Hydrodeoxygenation Reactions 
The prepared bio-crude blend was subjected to hydrodeoxygenation using the synthesized 
Mo/BR catalyst at different conditions of temperature, pressure, reaction time and catalyst 
loading. Each parameter was studied individually while keeping the other three parameters 
constant. The first set of reactions involved varying the pressure while keeping the temperature, 
reaction time and catalyst loading fixed at the values previously used for screening studies. For 
each successive set of reactions, the highest oxygen reduction percentage was determined and 
the corresponding value of the variable parameter was updated and fixed for the next set of 
reactions. The reaction runs used for the parametric study and the corresponding CHNS 
analysis of the bio-crude blends along with the oxygen reduction percentages are shown in 
Tables 5.6, 5.7, 5.8 and 5.9. From the parametric study, the highest percentage of oxygen 
reduction (59.8 ± 0.9%) was achieved for a reaction that was carried out at 325 °C and 5 MPa 
for 2 h with a catalyst loading of 4% w/w. The effects of pressure, reaction time, temperature 
and catalyst loading on the oxygen reduction efficiency of prepared Mo/BR catalyst are shown 
graphically in Figures 5.10, 5.11, 5.12 and 5.13, respectively. 
As shown in Fig. 5.10, the oxygen reduction percentage initially increases with increase in 
pressure and reaches its maximum value at 5 MPa. The increase in pressure leads to an increase 
in H2 partial pressure within the system which facilitates enhanced mass transfer of H2 
molecules into the bulk of bio-crude blend, thus improving the percentage of oxygen reduction. 
However, the percentage decreases when the pressure is increased beyond 5 MPa. At higher 
pressures, the hydrodeoxygenated products might not detach efficiently from the catalyst 
surface which can lead to secondary reactions thereby lowering the oxygen reduction 
percentage (Ayodele and Daud, 2015, Ayodele et al., 2014).  
Increase in reaction time up to 2 h also promotes an increase in the oxygen reduction but for 
longer reaction times, a decrease in the reduction percentage is observed which can be ascribed 
to the occurrence of parallel secondary reactions. Similarly, the oxygen reduction improved 
initially with increases in temperature (up to 325 °C: Fig. 5.12) and catalyst loading (up to 4% 







Table 5.6 Effect of pressure on oxygen reduction efficiency of prepared Mo/BR catalyst for bio-crude blends (Temperature: 300 °C, Catalyst 
Loading: 3% w/w, Reaction Time: 3 h). 
Pressure (MPa) C (wt. %) H (wt. %) N (wt. %) S (wt. %) O (wt. %) * 
Oxygen Reduction (%) 
Blend 86.33 ± 0.05 10.54 ± 0.02 0.44 ± 0.02 0.23 ± 0.02 2.46 ± 0.07 
3 86.24 ± 0.02 11.70 ± 0.03 0.34 ± 0.01 0.10 ± 0.003 1.62 ± 0.05 34.2 ± 0.2 
4 86.44 ± 0.05 11.58 ± 0.01 0.43 ± 0.003 0.13 ± 0.02 1.42 ± 0.06 42.3 ± 0.8 
5 86.47 ± 0.04 11.76 ± 0.07 0.42 ± 0.01 0.10 ± 0.01 1.25 ± 0.11 49.2 ± 3.0 
6 86.43 ± 0.05 11.74 ± 0.04 0.39 ± 0.02 0.12 ± 0.001 1.32 ± 0.09 46.3 ± 2.2 
7 86.52 ± 0.06 11.57 ± 0.05 0.43 ± 0.06 0.12 ± 0.01 1.36 ± 0.10 44.7 ± 2.6 













Table 5.7 Effect of reaction time on oxygen reduction efficiency of prepared Mo/BR catalyst for bio-crude blends (Temperature: 300 °C, 
Pressure: 5 MPa, Catalyst Loading: 3% w/w). 
Reaction Time (h) C (wt. %) H (wt. %) N (wt. %) S (wt. %) O (wt. %) * 
Oxygen Reduction (%) 
Blend 86.33 ± 0.05 10.54 ± 0.02 0.44 ± 0.02 0.23 ± 0.02 2.46 ± 0.07 
1 85.92 ± 0.08 11.64 ± 0.03 0.41 ± 0.01 0.19 ± 0.02 1.84 ± 0.10 25.2 ± 2.0 
2 86.69 ± 0.07 11.71 ± 0.05 0.36 ± 0.01 0.11 ± 0.001 1.13 ± 0.12 54.1 ± 3.6 
3 86.47 ± 0.04 11.76 ± 0.07 0.42 ± 0.01 0.10 ± 0.01 1.25 ± 0.11 49.2 ± 3.0 
4 86.41 ± 0.01 11.77 ± 0.06 0.42 ± 0.02 0.10 ± 0.001 1.30 ± 0.07 47.2 ± 1.3 
5 86.48 ± 0.03 11.62 ± 0.07 0.44 ± 0.06 0.12 ± 0.01 1.34 ± 0.10 45.5 ± 2.6 













Table 5.8 Effect of temperature on oxygen reduction efficiency of prepared Mo/BR catalyst for bio-crude blends (Pressure: 5 MPa, Reaction 
Time: 2 h, Catalyst Loading: 3% w/w). 
Temperature (°C) C (wt. %) H (wt. %) N (wt. %) S (wt. %) O (wt. %) * 
Oxygen Reduction (%) 
Blend 86.33 ± 0.05 10.54 ± 0.02 0.44 ± 0.02 0.23 ± 0.02 2.46 ± 0.07 
250 85.91 ± 0.09 11.88 ± 0.03 0.39 ± 0.002 0.09 ± 0.001 1.73 ± 0.12 29.7 ± 2.9 
275 86.25 ± 0.05 11.74 ± 0.02 0.44 ± 0.04 0.12 ± 0.01 1.45 ± 0.07 41.1 ± 1.2 
300 86.69 ± 0.07 11.71 ± 0.05 0.36 ± 0.01 0.11 ± 0.001 1.13 ± 0.12 54.1 ± 3.6 
325 86.63 ± 0.02 11.80 ± 0.02 0.42 ± 0.04 0.11 ± 0.005 1.04 ± 0.04 57.7 ± 0.5 
350 86.57 ± 0.06 11.75 ± 0.02 0.38 ± 0.002 0.13 ± 0.003 1.17 ± 0.08 52.4 ± 2.0 













Table 5.9 Effect of catalyst loading on oxygen reduction efficiency of prepared Mo/BR catalyst for bio-crude blends (Temperature: 325 °C, 
Pressure: 5 MPa, Reaction Time: 2 h). 
Catalyst Loading 
(% w/w) 
C (wt. %) H (wt. %) N (wt. %) S (wt. %) O (wt. %) * 
Oxygen Reduction (%) 
Blend 86.33 ± 0.05 10.54 ± 0.02 0.44 ± 0.02 0.23 ± 0.02 2.46 ± 0.07 
1 86.06 ± 0.03 11.71 ± 0.04 0.44 ± 0.003 0.22 ± 0.05 1.57 ± 0.07 36.2 ± 1.0 
2 86.38 ± 0.05 11.66 ± 0.01 0.40 ± 0.01 0.09 ± 0.004 1.47 ± 0.06 40.2 ± 0.8 
3 86.63 ± 0.02 11.80 ± 0.02 0.42 ± 0.04 0.11 ± 0.005 1.04 ± 0.04 57.7 ± 0.5 
4 86.68 ± 0.04 11.78 ± 0.01 0.38 ± 0.004 0.17 ± 0.01 0.99 ± 0.05 59.8 ± 0.9 
5 86.58 ± 0.06 11.74 ± 0.04 0.42 ± 0.01 0.12 ± 0.01 1.14 ± 0.10 53.7 ± 2.8 













Fig. 5.10 Effect of pressure on oxygen 
reduction (Temperature: 300 °C, Reaction 
Time: 3 h, Catalyst Loading: 3% w/w). 
Fig. 5.11 Effect of reaction time on oxygen 
reduction (Temperature: 300 °C, Pressure: 
5 MPa, Catalyst Loading: 3% w/w). 
Fig. 5.12 Effect of temperature on oxygen 
reduction (Pressure: 5 MPa, Reaction 
Time: 2 h, Catalyst Loading: 3% w/w). 
Fig. 5.13 Effect of catalyst loading on 
oxygen reduction (Temperature: 325 °C, 






The increase in oxygen reduction percentage observed up to 325 °C can be attributed to the 
increase in kinetic energy of the reactant molecules which promotes faster collisions and 
thereby higher rates of hydrodeoxygenation. Catalyst loading up to 4% w/w provides 
increasingly more active sites for HDO reaction but any further increase results in introduction 
of redundant active sites which favour secondary reactions and therefore, a decrease in oxygen 
reduction percentage is observed (Arend et al., 2011, Ayodele and Daud, 2015, Ayodele et al., 
2014). Thus, the desirable values of the process parameters for carrying out 
hydrodeoxygenation of a bio-crude blend using Mo/BR catalyst were 325 °C (temperature), 5 
MPa (pressure), 2 h (reaction time) and 4% w/w (catalyst loading). 
5.4 Characterization of Bio-crude Blends 
5.4.1 Moisture Content Analysis 
The moisture content in the bio-crude blends was determined by Karl-Fischer coulometric 
titration and the results were reported as weight percentages of moisture. Prior to 
hydrodeoxygenation, the bio-crude blend contained 0.021 ± 0.002 wt. % of moisture, whereas 
the hydrodeoxygenated bio-crude blend contained 0.025 ± 0.001 wt. % of moisture. The 
increase in moisture content can be attributed to the formation of H2O molecules during the 
hydrodeoxygenation reaction. In spite of the slight increase, the moisture content in the 
hydrodeoxygenated bio-crude blend was well within the permissible limit of 0.05 wt. % 
(Costenoble, 2006). 
5.4.2 Boiling Point Distribution Analysis 
The boiling point distributions of the bio-crude blends (Blend and HDO Blend) have been 
shown in Fig. 5.14. The Sim-Dist data was calibrated using n-alkane standards and it was 
observed that before hydrodeoxygenation, the bio-crude blend contained no n-alkanes in the 
C7-C13 carbon range. The majority (72.3 wt. %) of n-alkanes were found in the C24-C36 range. 
However, the hydrodeoxygenated blend contained a small fraction (1.45 wt. %) of n-alkanes 
in the C11-C13 range while none could be found in the C7-C10 range. It was also observed that 








Fig. 5.14 Distribution of n-alkanes in bio-crude blends before and after hydrodeoxygenation. 
 






On the other hand, the fraction of n-alkanes in the C13-C24 range (Blend: 35.9 wt. %, HDO 
Blend: 39.2 wt. %) and C15-C20 range (Blend: 14.1 wt. %, HDO Blend: 16.6 wt. %) increased 
in the bio-crude blend after undergoing hydrodeoxygenation which suggests that 
hydrocracking also took place during the HDO reaction (Figs. 5.14 and 5.15). Thus, HDO 
Blend contained a greater fraction of its n-alkanes in the bio-diesel range and hence, is more 
suitable for related applications (Bharti et al., 2014). 
5.4.3 1H NMR Spectroscopic Analysis 
The 1H NMR spectra of the bio-crude blends before and after hydrodeoxygenation are shown 
in Fig. 5.16 and the quantitative percentages of different types of hydrogen present in the 
samples are reported in Table 5.10.  
 
Fig. 5.16 1H NMR spectra for bio-crude blends before and after hydrodeoxygenation. 
The chemical shift ranges were assigned to different types of protons based on previous studies 
carried out by Joseph et al. (2010) and Ingram et al. (2008). It was observed that the 
concentration of aliphatic protons increased from 63.8% to 71.6%, whereas the quantity of 






also contained lower concentrations of aromatics and ethers than the untreated blend. Phenolic 
hydroxyl groups and non-conjugated alkenes were not detected in both the bio-crude blends. 
The chemical shift range of 2.2-3.0 ppm was assigned to protons located alpha to ketones, 
aldehydes and carboxylic groups and benzylic protons. The intensity in this range is related to 
the intensity observed in the chemical shift range of 8.0-13.0 ppm which was assigned to 
protons located on aldehydes, carboxylic acids and downfield aromatics. The hydrogen 
concentrations in both these ranges reduced after hydrodeoxygenation which indicates 
effective removal of the aforementioned bio-crude oxygenates and aromatics. 
Table 5.10 Quantitative percentages of different types of hydrogen present in bio-crude blends 




Assignment of Protons 
 
Hydrogen Content                    
(% of all hydrogen) 
Blend HDO Blend 
0 - 1.6 Aliphatic (-CH3, -CH2-) 63.8 71.6 
1.6 - 2.2 Aliphatic Hydroxyls (-OH) 12.5 11.5 
2.2 - 3.0 CH3C=O, CH3Ar, -CH2Ar 16.0 10.2 
3.0 - 4.2 CH3O-, -CH2O-, =CHO- 0.9 0.8 
4.2 - 6.5 ArOH, non-conjugated alkenes (HC=C) BD BD 
6.5 - 8.0 ArH, conjugated alkenes (HC=C) 6.6 5.9 
8.0 - 13.0 -COOH, -CHO, downfield ArH 0.1 BD 
 *BD: Below Detection 
5.4.4 13C NMR Spectroscopic Analysis 
The 13C NMR spectra of Blend and HDO Blend are compared in Fig. 5.17 and the quantitative 
percentages of different classes of compounds present in the bio-crude blends are reported in 
Table 5.11. The assignment of different chemical shift ranges in the 13C NMR spectra was 
accomplished according to Joseph et al. (2010) and Ingram et al. (2008), which facilitated the 







Fig. 5.17 13C NMR spectra for bio-crude blends before and after hydrodeoxygenation. 
Before hydrodeoxygenation, the bio-crude blend contained 57.3% of aliphatic carbons which 
then increased to 65.6% after the HDO reaction. The concentration of aliphatic carbons was 
determined by integrating the spectra in the region between 6 ppm and 55 ppm. The carbons 
present in alcohols, ethers and carbohydrates are normally detected in the spectral region 
between 55 ppm and 103 ppm. For the bio-crude blends, no carbons were detected in the 
aforementioned spectral region which indicates that alcohols, ethers and carbohydrates might 
be present in extremely low quantities. However, in Section 5.4.3, detectable quantities of 
alcohols and ethers were recorded from 1H NMR spectroscopic analysis and this discrepancy 
could be explained by the fact that 13C NMR spectroscopy is a less sensitive technique than 1H 
NMR spectroscopy (Joseph et al., 2010). The spectral region between 103 ppm and 163 ppm 
is associated with carbons present in aromatic and olefinic compounds and it was found that 
the concentration of these carbons decreased after the bio-crude blend underwent 
hydrodeoxygenation. Similar observations were also recorded for the spectral region between 






compounds such as esters, carboxylic acids, ketones and aldehydes decreased after the bio-
crude blend was subjected to hydrodeoxygenation. These observations complement the 
findings from 1H NMR spectroscopic analysis (Section 5.4.3) and corroborate the effectiveness 
of the hydrodeoxygenation process. 
Table 5.11 Quantitative percentages of different types of carbon present in bio-crude blends 
based on 13C NMR spectra. 
 
Sample 
Carbon type (% of all carbon) 
Aliphatics      








Esters, Carboxylic acids, 
Ketones and Aldehydes 
163-215 ppm 
Blend 57.3 BD 40.4 2.3 
HDO Blend 65.6 BD 33.2 1.2 
*BD: Below Detection 
5.5 Conclusions 
For the prepared bio-crude blend, the molybdenum catalyst synthesized using bio-residue as 
the support exhibited a higher oxygen reduction percentage than the catalysts synthesized using 
commercial multi-walled carbon nanotubes and commercial activated carbon. The bio-residue-
based catalyst also performed much better than commercial CoMo/γ-Al2O3 and NiMo/γ-Al2O3 
catalysts in terms of oxygen reduction efficiency. Carbothermal hydrogen reduction method 
was used to synthesize the carbon-supported catalysts and as intended, β-Mo2C phase was 
formed in all the synthesized catalysts. The bio-residue-based molybdenum catalyst had a high 
percentage of molybdenum dispersion, the highest number of strongly acidic sites, highest 
concentration of β-Mo2C on its surface and an optimum average pore size. The aforementioned 
characteristics might explain the superior oxygen reduction efficiency of the said catalyst. 
Additionally, calcium mica phase was identified in the bio-residue-based catalyst which could 
have possibly enhanced the effectiveness of the catalyst towards oxygen reduction. The highest 
oxygen reduction percentage using the bio-residue-based catalyst was achieved for a given set 
of reaction conditions: temperature – 325 °C, pressure – 5 MPa, reaction time – 2 h and catalyst 






6. CONCLUSION AND RECOMMENDATIONS 
6.1 Conclusion 
Chapter 4 
Ethyl acetate was identified as the most favourable option for solvent-extraction even though 
none of the solvents could recover 100% of bio-crude present in the hydrothermal liquefaction 
product mixture. The extraction carried out using ethyl acetate yielded significantly large 
amounts (bio-crude yield: 31.8 wt. %) of an easy-to-handle, high quality bio-crude that is most 
suitable for further upgrading processes and eventual bio-diesel applications. The bio-crude 
extracted using ethyl acetate had a higher heating value of 46.0 MJ/kg, an oxygen content of 
9.2 wt. % and an ash content of 0.1 wt. %. The aforementioned bio-crude exhibited the highest 
oxidation stability at room temperature with an induction period of 86.5 days and had a 
significant percentage of its compounds in the C13-C24 carbon range. The amounts of nitrogen 
and sulphur were quite low in all the bio-crude samples. Catalytic hydrodeoxygenation was 
determined to be the most preferred upgrading process for the bio-crude samples because 
oxygen was the major heteroatom impurity found in them. Carboxylic acids and esters were 
the predominant oxygen-containing compounds found in the bio-crude and bio-residue 
fractions. Silica polymorphs such as quartz and α-cristobalite, along with calcium mica, were 
the dominant phases in all the bio-residue samples. The bio-residue obtained using ethyl acetate 
had the highest specific surface area (249 m2/g) among the three bio-residue samples with an 
average pore volume of 0.37 cm3/g and an average pore size of 7 nm. In addition, the 
aforementioned bio-residue underwent the lowest percentage of weight loss (29.03%) when 
subjected to thermogravimetric analysis over a temperature range of ~ 30-800 °C. Due to its 
favourable textural properties and superior thermal stability, the bio-residue extracted using 
ethyl acetate was earmarked for potential use as catalyst supports or as bio-adsorbents. 
Chapter 5  
The desired β-Mo2C phase was detected in all the synthesized catalyst samples. The 
synthesized catalysts were screened for their oxygen reduction efficiency and the bio-residue-
based catalyst was identified as the best-performing catalyst at the screening conditions. 






for hydrodeoxygenation of the bio-crude blend to provide comparisons with the bio-residue-
based catalyst. The bio-residue-based catalyst exhibited a higher oxygen reduction percentage 
(49.2%) than both CoMo/γ-Al2O3 (21.1%) and NiMo/γ-Al2O3 (26.0%) catalysts. In petroleum 
refineries, the bio-crude blend can be introduced just before the hydrotreating unit so that the 
blend of bio-crude and petroleum crude can be co-processed in the hydrotreater using suitable 
catalysts. This would improve the oxygen reduction efficiency of the hydrotreating unit without 
significantly disrupting the economics and infrastructure of petroleum industries. For 
hydrotreating a bio-crude blend that has 10 wt. % of bio-crude, the synthesized Mo/BR catalyst 
would be suitable. However, if the amount of bio-crude is less than 1 wt. % in petroleum 
feedstock, then the petroleum industries may not choose to substitute the conventional catalysts 
with a new synthesized catalyst. Among the synthesized catalysts, the bio-residue-supported 
molybdenum catalyst had the highest number of strongly acidic sites and the highest 
concentration of β-Mo2C on its surface. The aforementioned catalyst had a molybdenum 
dispersion of 2.4%, BET surface area of 118 m2/g and an average pore size of 9.7 nm. The 
oxygen reduction percentage for the said catalyst improved and reached the maximum value 
of 59.8% for a reaction that was carried out at 325 °C and 5 MPa for 2 h with a catalyst loading 
of 4% w/w. The hydrodeoxygenated bio-crude blend obtained using the aforementioned 
reaction conditions exhibited a slight increase in the moisture content which is characteristic 
of the HDO process. However, the observed moisture content was within the permissible limit 
of 0.05 wt. %. The bio-crude blend also underwent hydrocracking during the 
hydrodeoxygenation process and as a result, the fraction of n-alkanes in the C13-C24 and C15-
C20 ranges increased after hydrodeoxygenation. Furthermore, the concentration of aliphatic 
compounds increased and that of carbonyl-group containing oxygenates and aromatics 
decreased in the bio-crude blend after hydrodeoxygenation. Thus, the hydrodeoxygenated bio-
crude blend was found to be more suitable for further co-processing and eventual application 
as a transportation fuel.  
6.2 Recommendations 
 The solvent recovery for the extraction process can be further improved to make the 
process more economic. This would involve either modifying the existing vacuum 






 Instead of using solvents discretely for the extraction process, different combinations 
of organic solvents can be investigated in an attempt to increase the bio-crude yield 
and manipulate the boiling point distribution of the said product. 
 The synthesized catalysts can be modified and further developed to improve the 
sulphur, nitrogen and oxygen reduction. This could be done by changing the 
molybdenum loading on the catalysts and/or introducing a promoter metal to enhance 
the overall catalytic activity.   
 An effective method needs to be developed to recover the catalyst after 
hydrodeoxygenation reaction is over. The recovered catalyst can then be studied to 
evaluate the extent of deactivation and the potential for regeneration and reuse. 
 Techno-economic analysis and study of reaction kinetics need to be carried out in 
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APPENDIX B: Highlights of the Solvent-extraction Process 
 











Fig. B.3 Bio-residue samples (from left to right): BR-EA, BR-THF and BR-PE. 
